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ABSTRACT
Investigation of a novel throughput agent on production rate and pellet quality and the
development of a lab-based method to predict Salmonella reduction in poultry feed, utilizing
varying feed manufacture parameters
Timothy Paul Boltz
Two experiments were conducted to evaluate a novel throughput agent and its mechanisms
on production rate and pellet quality. An additional experiment using lab-based methods and
models was conducted to predict Salmonella reduction in mash broiler feed. Feed mill pellet
production rate is of great importance to integrated meat bird production. Feed hygienics are also
of increasing concern for poultry producers.
In chapter 2, the effect of AZOMITE® (AZM) and varying inorganic phosphate sources
(IPS) on pellet mill production rate and pellet quality was assessed. It is documented that the
naturally abrasive properties of inorganic phosphate sources may scour the pellet die and affect
feed production rate. Inorganic phosphate source use has been on the decline, prompting the use
of novel throughput agents such as AZM. The objective was to evaluate the effect of AZM
inclusion in a corn, soybean meal, dried distillers grains with solubles (DDGS) based diet with
either dicalcium (DCP) or tricalcium (TCP) on pellet mill production rate, hot pellet temperature,
and pellet quality. The assessment included 4 experimental treatments in a 2 (DCP or TCP) x 2
(AZM or no AZM) factorial Latin Square Design across four manufacturing days with complete
blocks in each day. There was a 6% increase in production rate when AZM was added to DCP
diets (0.99 versus 1.05 MT/hr; P<0.001) and an 8% increase in production rate when AZM was
added to TCP diets (1.10 versus 1.19 MT/hr; P<0.001). IPS and AZM interacted to affect pellet
quality (P<0.021), demonstrating that increased production rate decreased pellet quality.
In chapter 3, the effect of AZM and its fractions on pellet mill production rate and pellet
quality was assessed. AZM can be separated into two fractions, a fine and coarse fraction, but the
mechanism of how each enacts its effect at the pellet die have not yet been determined. The
objective was to assess the response AZM and its two fractions on pellet mill production rate, hot
pellet temperature, and pellet quality. One basal diet that was supplemented with AZM and its
fractions was manufactured in a Latin Square with crossover design across 4 days. In support with
previous research, inclusion of AZM increased production rate 7% when added to the basal diet
(0.999 vs. 0.935 MT/h; P=0.005). The combination of both fractions likely contributing both a
lubricating and pellet die scouring effect increased production rate more than either single fraction.
Addition of the fine fraction increased pellet quality (P<0.001).
In chapter 4, thermal inactivation of Salmonella Typhimurium in mash broiler feed was
modeled. This study included two studies to investigate kinetic parameters for inactivation of
Salmonella Typhimurium in poultry feed heated at various temperatures. In the first study, 2- and
5-gram feed samples, contained in a sample bag, were inoculated with S. Typhimurium and
submerged in a water bath heated to 90°C until internal temperatures of 75, 80, and 85°C were
reached. In the second study, 2-gram samples were inoculated with S. Typhimurium and

submerged into a water bath set at 75, 80, 85, 90, and 95°C heated for 0 to 180s. D-values for
linear and Weibull models were calculated for the 5 temperatures. D-values of the linear model
were 6.70, 8.83, 12.05, 13.91, and 24.40s, and D-values for the Weibull model were 2.27, 3.67,
3.95, 4.68, and 7.63s when heated to 95, 90, 85, 80, and 75°C. As heating temperature decreased,
Double-Weibull and Biphasic models fit all the thermal data, indicating that Salmonella could
have generated two subpopulations with different thermo-resistance. Similar to other thermal
inactivation models, this study demonstrates that linear, Weibull, Double-Weibull, and Biphasic
models could be used to predict thermal inactivation of Salmonella in poultry feed.

Acknowledgements
I would like to take the time to thank several people, that without their support this degree would
not be possible. First, I would like to thank my major professor Dr. Joe Moritz. Without the support
and guidance, he has provided me over my graduate career I would not be where I am today. Next,
I would like to thank the other members of my committee, Drs. Jacek Jaczynski and Cangliang
Shen, for providing me with exceptional microbiology support throughout my research. I also want
to thank my other committee member, Mr. Jon Ferrel, for his support and guidance during the feed
manufacturing portions of my dissertation. These individuals helped me to develop into the
scientist and person I am today. Without assistance from Shane Plum and all the other staff at the
WVU Animal Science Farm this work wouldn’t have been possible. I would also like to
acknowledge and thank my lab mates, Davis College staff, and undergraduate students: Victoria
Ayres, Kari Harding, Kristina Bowen, Elizabeth Lynch, Casey Showman, Lucas Knarr, Gracie
Sparks, Nathan Eddleman, Jenna Friend, and Rylee Clark. Without their help, none of this would
have been possible. Lastly, I would like to thank my parents Paul and Kathy. Their support and
encouragement helped to drive my efforts in education and allowed me to reach this milestone in
my life.

iv

TABLE OF CONTENTS
Title Page ............................................................................................................................. i
Abstract ........................................................................................................................... ii-iii
Acknowledgements ............................................................................................................ iv
Table of Contents ............................................................................................................ v-vi
List of Tables and Figures........................................................................................... vii-viii
Abbreviation Key ............................................................................................................ ix-x
CHAPTER 1: LITERATURE REVIEW ..............................................................................1
Poultry Production ...............................................................................................................1
Feed Production ............................................................................................................... 1-3
Steam Conditioning ......................................................................................................... 3-4
Pellet Quality and Production Rate .................................................................................. 4-9
Salmonella.................................................................................................................... 10-11
Food and Feed Safety Legislation......................................................................................11
Salmonella Prevention, Reduction, and Elimination in Feed Mills ............................. 12-16
Surrogate Organisms .................................................................................................... 16-17
Lab-based Thermal Inactivation Research................................................................... 17-18
Conclusions/Recommendations .........................................................................................19
Future Research ........................................................................................................... 19-20
References .................................................................................................................... 21-28
CHAPTER 2: The effect of a dacitic tuff breccia (AZOMITE ®) in corn, soybean, and DDGS
based diets that vary in inorganic phosphate source on pellet mill production rate and
pellet quality.......................................................................................................................29
Summary ............................................................................................................................30
Description of Problem ................................................................................................ 31-33
Materials and Methods ................................................................................................. 33-36
Results and Discussion ................................................................................................ 36-41
Conclusions and Applications...................................................................................... 41-42
References and Notes ................................................................................................... 43-44
Tables and Figures ....................................................................................................... 45-49
CHAPTER 3: The effect dacitic tuff breccia (AZOMITE®) and its fractions in a corn, soybean,
and dried distillers grains with solubes-based diet on pellet mill production rate and
pellet quality.......................................................................................................................50
Summary ............................................................................................................................51
Description of Problem ................................................................................................ 52-54
Materials and Methods ................................................................................................. 54-58
Results and Discussion ................................................................................................ 58-62
Conclusions and Applications............................................................................................62
References and Notes ................................................................................................... 63-65
Tables and Figures ....................................................................................................... 66-66

v

CHAPTER 4: Modeling thermal inactivation of Salmonella Typhimurium in mash
broiler feed .........................................................................................................................70
Summary ............................................................................................................................71
Description of Problem ................................................................................................ 72-73
Materials and Methods ................................................................................................. 73-77
Results and Discussion ................................................................................................ 77-83
Conclusions and Applications............................................................................................83
References and Notes ................................................................................................... 84-86
Tables and Figures ......................................................................................................... 87-9
Curriculum Vitae ......................................................................................................... 92-96

vi

LIST OF TABLES AND FIGURES
CHAPTER 2
Table 1. Broiler finisher formulations for diets containing dicalcium phosphate (DCP) or
tricalcium phosphate (TCP) (% diet) .................................................................................45
Table 2. Analyzed total calcium, total phosphorus, crude fiber, crude fat, and crude protein for
dicalcium phosphate (DCP), tricalcium phosphate (TCP), AZOMITE ® (AZM), and corn-derived
dried distillers grains with solubles (DDGS) .....................................................................46
Table 3. The effects of inorganic phosphate source (IPS) (dicalcium phosphate – DCP or
tricalcium phosphate – TCP) and AZOMITE ® (AZM) inclusion on feed production rate (MT/hr
and kg/min), hot pellet temperature, and pellet quality .....................................................47
Figure 1. 50,000-scanning electron microscope of AZOMITE ® (AZM) feed grit with an FEI
Apreo SEM ........................................................................................................................48
Figure 2. Low-magnification (250x) secondary electron images of tricalcium phosphate (TCP,
A) and dicalcium phosphate (DCP, B) particles with an FEI Apreo SEM ........................49

CHAPTER 3
Table 1. Broiler finisher formulations for diets containing DCP (% diet).........................66
Table 2. Diet analysis for crude protein, moisture, crude fat, crude fiber, ash, neutral detergent
fiber, acid detergent fiber, calcium, and phosphorus for Control, AZM, FF, and CF diets...
............................................................................................................................................67
Table 3. CV determination using Micro-Tracers in Fine Fraction diets after mixing and
conveyance for each day of manufacture...........................................................................67
Table 4. The effect of AZM and its fractions relative to a Control on feed manufacture variables
and pellet quality ................................................................................................................68
Figure 1. 5,000 magnitude - scanning electron microscope of (A) 0.02% FF, (B) 0.23% CF, (C)
0.25% AZM in pelleted feed ..............................................................................................69

vii

CHAPTER 4
Table 1. Parameters of survival models from the USDA Integrated Pathogen Modeling Program
for Predictive Microbiology - IPMP Global Fit .................................................................87
Table 2. Comparison of RMSE and R2 for the survival models (GinaFit) on the inactivation of
Salmonella by thermal treatments in broiler feed ..............................................................88
Table 3. Thermal kinetic parameters (mean ± standard error) of linear with tail, Biphasic, and
Double-Weibull models for Salmonella survival at 95°, 90°, 85°, 80°, and 75°C ............89
Figure 1. Temperature from the geometric center of 2- and 5-gram broiler feed samples required
to achieve a 5-log reduction while being monitored with a thermocouple ........................90
Figure 2. Time required for geometric center of 2-gram broiler feed samples to reach the desired
temperature of 75°, 80°, and 85°C .....................................................................................90
Figure 3. Time required for geometric center of 5-gram broiler feed samples to reach the desired
temperature of 75°, 80°, and 85°C .....................................................................................91
Figure 4. Thermal inactivation curve of Salmonella in broiler feed at 5 heating temperatures (95°,
90°, 80°, 85°, and 75°C) ....................................................................................................91

viii

ABBREVIATION KEY
CHAPTER 1
1. Inorganic Phosphate Sources – IPS
2. Dried Distiller’s Grains with Solubles – DDGS
3. Feed Conversion Ratio – FCR
4. Feed Intake – FI
5. Pellet Durability Index – PDI
6. Modified Pellet Durability Index – MPDI
7. Mixer Added Fat – MAF
8. Tricalcium Phosphate – TCP
9. Monocalcium Phosphate – MCP
10. Dicalcium Phosphate – DCP
11. Azomite – AZM
12. U.S.-Centers for Disease Control and Prevention – U.S.-CDC
13. Colony Forming Unit – CFU
14. Food Safety Modernization Act – FSMA
15. Hazard Analysis and Risk-Based Preventive Controls – HARPC
16. Veterinary Feed Directive – VFD
17. U.S. Food & Drug Administration – FDA
18. Species – Spp.
19. Pounds per Square Inch – PSI
20. American Type Culture Collection – ATCC
21. Agriculture Research Service Culture Collection – NRRL
CHAPTER 2
1.
2.
3.
4.

Dried Distiller’s Grains with Solubles – DDGS
Dicalcium Phosphate – DCP
Tricalcium Phosphate – TCP
AZOMITE® – AZM
5. Meat and Bone Meal - MBM
6. Inorganic Phosphate Sources – IPS
7. Monocalcium Phosphate – MCP
8. West Virginia University – WVU
9. California Pellet Mill – CPM
10. Programmable Logic Control – PLC
11. Horse Power – HP
12. Kilopascal – kPa
13. Metric ton per Hour – MT/hr.
14. Kilogram per minute – kg/min
15. Order within a day – RUNID
16. Generalized Linear Mixed Model – GLIMMIX
17. Statistical Analysis System – SAS
ix

CHAPTER 3
1. Inorganic Phosphate Sources – IPS
2. AZOMITE® – AZM
3. Dried Distiller’s Grains with Solubles – DDGS
4. Tricalcium Phosphate – TCP
5. Dicalcium Phosphate – DCP
6. Fine Fraction – FF
7. Coarse Fraction – CV
8. Coefficient of Variation – CV
9. West Virginia University – WVU
10. California Pellet Mill – CPM
11. Programmable Logic Control – PLC
12. Horse Power – HP
13. Kilopascal – kPa
14. Metric ton per Hour – MT/hr.
15. Order within a day – RUNID
16. Generalized Linear Mixed Model – GLIMMIX
17. Statistical Analysis System – SAS
CHAPTER 4
1. U.S.-Centers for Disease Control and Prevention – U.S.-CDC
2. Colony Forming Unit – CFU
3. Water Activity – Aw
4. West Virginia University – WVU
5. Tryptic Soy Broth – TSB
6. Tryptic Soy Agar – TSA
7. Xylose-Lysine-Tergitol-4 – XLT-4
8. American Type Culture Collection – ATCC
9. U.S. Food and Drug Bacteriological Analytical Manual – FDA-BAM
10. Milliliter – mL
11. Buffer Peptone Water – BPW
12. Hour – h
13. Second – s
14. USDA – United State Department of Agriculture
15. Integrated Pathogen Modeling Program – IPMP
16. Coefficient of Determination – R2
17. Root Mean Square Error – RMSE
18. Statistical Analysis System – SAS

x

CHAPTER 1
LITERATURE REVIEW
I.

Poultry Production
Poultry is widely consumed as it is relativity cheap, easy to prepare, and is perceived to be

a healthy food choice (Richie and Roser, 2019). American per capita consumption for poultry in
2021 is estimated to be 112 pounds, with an expected increase to 114 pounds in 2022 (National
Chicken Council, 2022). To produce such a large amount of poultry, an even more considerable
amount of feed is needed. In 2019, it was estimated that 48.5 million tonnes of broiler feed was
produced in the United States (Donley, 2020). World production of poultry reached 130.5 million
metric tons in 2019 (The International Feed Industry Federation, 2022).
II.

Feed Production
Animal feed production is a global industry with significant economic importance (Fink-

Gremmels, 2012). The size and economic importance can be attributed to improvements in
breeding and nutrition, as well as increasing consumer demand for protein products (Thorne, 2007;
Fink-Gremmels, 2012). Feed costs are highly variable depending on location but are associated
with 60-70% of total poultry production (Cutlip et al., 2008; Buchanan and Moritz, 2009;
Boroojeni et al., 2016). The most significant part of this expense is the cost of feed ingredients
with processing costs contributing a minor amount (Boroojeni et al., 2016). Past literature has
shown that in North America, the processing costs were about $50.57/ton, whereas 7% ($3.54) of
this price was for pelleting and cooling and 2% ($1.01) was for grinding with a hammer mill (Mani
et al., 2006). Final processing costs can vary widely between countries depending on local energy,
machinery, maintenance, labor, and feed ingredient costs (Boroojeni et al., 2016).
The first step of the feed manufacture process is particle size reduction of feed ingredients,
most commonly cereals, through grinding. Grinding is necessary to reduce the particle size of
1

ingredients such as corn, which in turn allows for increased binding ability with other ingredients
to improve pellet quality and overall mix uniformity, as well as reducing segregation after mixing
(Thomas and Van der Poel, 1996). Grinding allows for increased surface area, which can aid with
interactions between digesta and digestive enzymes in the poultry gastrointestinal tract (Rubio et
al., 2020).
After the grinding process, protein meals, inorganic phosphate sources (IPS), and microingredients are added and are mixed to create a mash feed. Two of the most significant challenges
in the poultry feed manufacture sector are uniformity and mix homogeneity of mash feed, with the
feed industry’s goal is to produce a consistent homogenized feed and uniform feed mixture batches
(Boroojeni et al., 2016). Proper grinding and mixing are required to achieve this goal. Factors such
as particle size of ingredients, particle shape, density, electrostatic charge, dustiness,
hygroscopicity and flowability can significantly affect the quality of mixed feed (Axe, 1995;
Boroojeni et al., 2016).
Particle size is one of the most critical and controversial issues in poultry feed production
(Boroojeni et al., 2016). Cereal particle size can be adjusted by the setting of the mills to
accommodate a specific micron size (Boroojeni et al., 2016). Corn that is used in commercial
broiler diets is commonly ground to 800 to 1,000 μm to maintain grinding efficiency and pellet
quality (Rubio et al., 2020). Other dietary components, such as protein meals and microingredients, arrive pre-ground in a fine powder form, making this difficult to control their particle
size (Amerah et al., 2007; Boroojeni et al., 2016). Mixing components of various particle sizes can
lead to segregation of ingredients and, ultimately, a non-homogeneous mash feed, which can result
in poor bird performance (Boroojeni et al., 2016).
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One solution to alleviate the non-uniformity and mixing inhomogeneity issues due to
particle size can be to agglomerate individually ground particles into a larger particle through the
pelleting process. Pelleting is a typical hydrothermal process which agglomerates smaller feed
particles into larger particles utilizing using machinal pressure, moisture, heat, and shear forces
(Peisker, 2006, Boroojeni et al., 2016). Feeding pelleted feed to poultry has been shown to decrease
energy expenditure of the animal, spillage, ingredient segregation, selective feeding, as well as
pathogens that may be associated with ingredients (Behnke, 1994). Pelleted feed allows for
animals to have increased daily gains and improved feed conversion ratios producing a cheaper
source of protein for consumers (Thomas and Van der Poel, 1996; Buchanan and Moritz, 2009).
III.

Steam Conditioning
The temperature at which feed is manufactured is a manipulated thermo-mechanical

processing variable that can influence the pellet quality, nutritional quality, and hygiene of the
feed. No government regulations have been established on conditioning temperatures, so feed mills
commonly utilized temperatures between 76°C to 93°C (Cutlip et at., 2008). Use of higher
conditioning temperatures increase pellet quality and decrease pathogenic bacteria, both of which
are desired in the poultry industry. Despite these benefits, higher conditioning temperatures can
have an adverse effect on the nutrient composition and enzyme recovery in feed.
Past research with poultry feed that was precision fed to cecectomized roosters has shown
that temperatures over 85°C can significantly reduce the digestibility of essential amino acids;
methionine, isoleucine, leucine, valine, and lysine (Loar et al., 2014; Boney and Moritz, 2017).
Boltz and coauthors (2020) demonstrated that conditioning feed at 88°C for 60 seconds decreased
digestible amino acid concentration of lysine, methionine, and threonine when precision fed to
cecectomized roosters. Poultry feed that was long-term heated (85°C for 3 minutes) had decreased

3

ileal nutrient digestibility in broilers when fed over a 35d period (Boroojeni et al., 2014). Bayley
and coauthors (1968) showed that bird performance was decreased in feed conditioned at 90°C
when compared to feed conditioned at 70°C. Commercial fish feed demonstrated a 50% decrease
in vitamin K and C when conditioned at 68°C (Marchetti et al., 1999). Cutlip and colleagues (2008)
observed a 7% decrease in vitamin A when feed was conditioned at 93°C.
Past research has demonstrated that increasing steam conditioning temperature during the
pelleting process is one of the simplest ways to increase pellet quality (Boney and Moritz, 2017;
Boney et al., 2019; Boltz et al., 2019; Boltz et al., 2020; Rueda et al., 2022). As conditioning
temperatures increases, more steam is needed to achieve conditioning temperatures, which in turn
adds more moisture to the diet. One percent of moisture is added for every 14°C of mash heating
(Anonymous, 1984). Improvement in pellet quality as conditioning temperature is increased is
likely attributable to associated with increased water from steam, improving starch gelatinization
of the diet (Moritz et al., 2001). Gelatinization allows for the feed particles to be bound together
to a varying degree which, if done in an evenly-distributed fashion can increase structural strength
of the pellets (Moritz et al., 2001).
IV.

Pellet Quality and Production Rate
Pellet quality is an important factor in the poultry production as it can maximize animal

performance but is often considered to be poor in the US commercial industry (Buchanan and
Moritz, 2009). A multitude of factors can have an impact on pellet manufacturing such as
conditioning temperature and time, particle size, die specification, and cooling parameters (Moritz
et al., 2005; Stark et al., 2009; Buchanan et al., 2010). Diet formulation is a component that can be
manipulated to vary the impact on pellet production rate and quality. Common feed ingredients
such as corn-derived dried distillers' grains with solubles (DDGS), meat and bone meal, IPS, and

4

fat are most influential in their impact on production rate and ultimately pellet quality (Briggs et
al., 1999; Loar et al., 2010; Wamsley et al., 2012; Boltz et al., 2021).
Having a greater pellet-to-fines ratio improves broiler performance (Scheideler, 1991;
Lemons and Moritz, 2015). Lemons and Moritz (2015) demonstrated that feeding a pellet-to-fine
ratio of 70:30 decreased 0 to 38d feed conversion ratio (FCR) by 0.026 and increased gain by 103g
compared to a diet of low pellet-to-fines of 40:60. Feed conversion increased 2% when broilers
were fed a diet with a pellet-to-fine ratio of 75:25 as compared with birds fed a diet of low pelletto-fines of 25:75. Similar trends also were observed with turkeys (Proudfoot and Hulan, 1982;
Salmon, 1985; Scheideler, 1991). Increasing pellet quality from 50% crumbles/pellets to 70%
crumbles/pellets demonstrated to improve broiler performance by decreasing feed intake (FI) and
FCR (Glover et al., 2016).
One common by-product ingredient in commercial poultry diets that can negativity affect
pellet quality is DDGS. Behnke (2007) stated that when DDGS is incorporated at 5 to 7% of the
diet, production rate and pellet quality will decrease. Loar et al. (2010) demonstrated that the
inclusion of 15 and 30% DDGS reduced pellet quality by 7 and 12% respectively. These authors
saw a 6% decrease in production rate when DDGS were included at 30% of the diet (Loar et al.,
2010). Tillman et al. (2020) found that an 8% inclusion of DDGS decreased pellet quality by 1%
and lowered production rate by 5%. The observed decrease in pellet quality and increase in
production rate are likely attributed to the reduction of starch content in DDGS. Due to the reduced
amount of starch in DDGS, less starch gelatinization may take place leading to decreased pellet
binding (Svihus 2014; Zaefarian et al., 2015; Kim et al., 2018). Conversely, Rigby and coauthors
found that DDGS inclusion at 8% did not affect pellet quality, which could be attributed to high-
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moisture corn and increased steam volume-enhancing starch gelatinization in this study (Rigby et
al., 2018).
Addition of protein, fibrous material, and water pre-pelleting increased pellet quality
(Behnke, 2001). Buchanan and Moritz (2009) found that supplemental protein at 2% of the diet in
the form of soybean meal and supplemental moisture in the form of tap water at 2 and 4% improved
pellet quality when measured as pellet durability index (PDI) and modified pellet durability index
(MPDI). Depending on conditioning temperature a varying degree of dietary protein may be
denatured and gelled, increasing pellet quality (Briggs et al., 1999; Gehring et al., 2009; Buchanan
and Moritz, 2009; Boltz et al., 2020). Moritz and coauthors (2001) found that supplementing either
2.5 or 5% water to diets with recommended or low energy levels improved pellet quality when
compared to diets with no supplemental water. Minor inclusions of fiber in the form of cellulose
at 5% of the diet increased pellet quality by 7.5 points when compared with a control diet
(Buchanan and Moritz, 2009). Care must be taken though when supplementing fibrous materials
which have been associated with non-starch polysaccharides and antinutrient factors that could
have a negative effect on nutrition (Choct and Annison, 1992; Iji, 1999; Bedford, 1995).
Fat addition pre-and-post pelleting has been shown to improve and decrease pellet quality,
depending on the inclusion percentage. Low mixer added fat (MAF) at 1% added pre-pelleting to
a diet with the remaining fat added post-pelleting has been shown to improve pellet quality
(Wamsley and Moritz, 2013). Increased inclusions of MAF can aid in reduction of nutrient
availability during the pelleting process (Gehring et al., 2011). The mechanism behind this benefit
is attributed to the reduction of friction between the pellet die and mash feed, which preserves
nutrients that may be lost to the frictional heat generated during the pelleting process (Jones et al.,
1995; Briggs et al., 1999; Cutlip et al. 2008; Gehring et al., 2011). Past work has demonstrated
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that diets with oil inclusion ranging from 3 to 5% and protein content of 20% showed little change
in pellet quality (Briggs et al., 1999). These same authors found that when MAF inclusion was
7.5%, protein content of 20%, and manufactured with a steam pressure of 138 kPA, pellet quality
was decreased 11% compared to diets with 5.6% MAF and similar protein and steam pressure
(Briggs et al., 1999). Wamsley and Moritz (2013) demonstrated that diets with a 3% MAF
inclusion that were extruded through a thick die (44.9 mm) had a 4% decrease in pellet quality
when compared to diets with a 1% MAF inclusion that were extruded through a thin die (38.1
mm). Increasing the amount of MAF from 0.5 to 2.5% decreased pellet quality (Rigby et al., 2018).
One concern of oil addition to feed post pelleting is the possible introduction of pathogens. These
oil ingredients typically do not undergo any pathogen reduction treatments and so finished feed
could be contaminated (Lambertini et al., 2016).
IPS can have a role in both feed mill production rate and pellet quality. The abrasive
properties of IPS may scour the pellet die and affect feed production rate, the energy usage of the
pellet mill, or both (Behnke, 1981). The inorganic phosphate particles in the diet help maintain a
clean die by dislodging residual feed that would adhere to the inner die surface such as built-up
gelatinized starch and denatured proteins (Behnke, 2007). High inclusion levels of tricalcium
phosphate (TCP) at 1.94% in corn and soybean meal-based diets decreased pellet mill relative
electrical energy usage by 9 and 11% when compared to monocalcium phosphate (MCP) and
dicalcium phosphate (DCP) respectively (Wamsley et al., 2012). Work done by Rigby et al.
(2018), found that high inclusion of DCP (1.63%) compared to a low inclusion (0.31%) resulted
in a 10-point decrease in pellet quality. These authors did not observe that the high inclusion gave
any production rate benefit compared to the low inclusion (Rigby et al., 2018). Anecdotal evidence
of using TCP to increase pellet production rate is widespread in integrated feed mills. However,
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as with increased pellet production rate, pellet quality is often decreased due to less resistance and
time in the pellet die chamber (Boltz et al., 2021).
The use of IPS has declined over the recent years due to expense, the use of exogenous
phytases, and decreased safety margins of dietary phosphorus for reduced environmental impact.
These changes created a void for ingredients to scour the pellet die (Boltz et al., 2021). One product
currently with die scouring potential is AZOMITE ® (AZM) which can be included at low inclusion
rates in feed phosphate diets. The product is of solidified volcanic igneous rock, comprised of a
large portion of non-crystalline composite and characterized as a dacitic tuff breccia although it is
not strictly dacite. AZM has also been described as a vitric, poorly welded tuff meaning it is quite
porous, breaks apart easily, and contains several crystalline minerals (Neuendorf et al., 2011).
Currently there are two hypotheses on how AZM enacts its effect in feed milling. AZM
can be separated into two fractions, fine and coarse, each of which are thought to provide different
effects at the pellet die. The first is that the hardness and irregular shape of the course fraction
allow for improved milling efficiency by scoring the die, similar to the benefits of TCP. The second
is that when the fine fractions are exposed to moisture, these particles decrease friction between
each other and provide additional lubrication at the pellet die.
The fine fraction of AZM contains clay-like particles which may also act as a toxin and
pellet binder, as various types of clays have been incorporated into animal feed in these capacities
(Kubena et al., 1998; Phillips, 1999; Bailey et al., 2006; Zhang et al., 2015). Sodium bentonite has
been used in poultry diets as a pellet binder and to improve pellet hardness (Hollister and Kienholz,
1980; Abbasi Pour et al., 2021). Abadi et al. (2019) found that inclusion of 3% pellet binder (2%
bentonite and 1% sugar beet molasses), improved pellet quality by 2% when compared to diets
without the pellet binder mixture. Tabil et al. (1997) found inclusion of bentonite when pelleting
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low quality alfalfa improved pellet durability by 24% when compared with alfalfa pellets produced
with no binder inclusion. Recent work by Abbasi Pour et al. (2021) demonstrated that grower diets
conditioned at 70°C for 2 minutes with a 15% sodium bentonite inclusion increased pellet quality
by 9% relative to the diet with no sodium bentonite inclusion. Research utilizing sepiolite, a silicate
clay, elevated pellet quality of swine and rabbit feed, regardless of fat inclusion at either 0.5% or
4% (Angulo et al., 1995). Angulo et al. (1996) found inclusion of 1% sepiolite to starter diets
increased pellet durability by 5% when compared with diets without sepiolite inclusion.
Supplementation of AZM has been shown to improve amino acid digestibility, bird
performance and feed mill efficiency. Bowen and coauthors (2022) found that the inclusion of
AZM in DCP diets improved apparent ileal amino acid digestibility of cysteine and tended to
increase ileal digestibility of valine, isoleucine, and lysine. Post-molt hens that were fed diets
containing AZM demonstrated improved feed conversion and ileum digestibility (Malheiros et al.,
2018). When AZM was fed to chicks from 0-21d, feed conversion was improved (Jones and Davis,
2018). Boltz and coauthors (2021) showed that including AZM in DCP and TCP diets can increase
production rates by 6 and 8%, respectively. Tillman and coauthors (2020) found that the inclusion
of AZM can increase production rate with no detriment to pellet quality.
Feed manufacture is a silent industry that only reaches mainstream media during a crisis,
such as unexpected contamination or pathogen outbreaks traced to feed (Fink-Gremmels, 2012).
More consideration and legislation have been given to animal feed in an effort to prevent
outbreaks. One of the major pathogens of concern in animal feed is Salmonella, with much
research investigating better control methods.
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V.

Salmonella
Salmonella is a major microbial hazard in animal feed and in turn to consumers. Feed is

considered the most common source of contamination in poultry flocks (McIlroy, 1996; Jones,
2011). Salmonella is a gram-negative, rod-shaped, non-endospore forming, facultative foodborne
pathogen commonly isolated from poultry products (U.S.-CDC, 2020). In the United States,
poultry products are the number one food category related to outbreaks, according to surveillance
data published by the U.S.-Centers for Disease Control and Prevention (U.S.-CDC) (U.S.-CDC,
2020). Salmonella is native to the gastrointestinal tract of livestock and poultry and can be found
commonly in nature (Blackman et al., 1993; Juven et al., 1984; Winfield and Groisman, 2003;
Humphrey, 2004). Poultry can consume Salmonella contaminated feed or litter and not exhibit any
clinical signs of the disease. When these birds arrive at a processing facility and are eviscerated,
there is an opportunity for equipment to be contaminated with Salmonella and transferred to other
carcasses (Jones, 2011).
One attribute that allows Salmonella to be such a hazard is its ability to persist in various
materials, survive in low moisture environments, and low water activity foods, which all are
associated with feed mills and poultry feed (Jones, 2011; Netto et al., 2020; Boltz et al., 2021).
Numerous serotypes of Salmonella spp., such as Braenderup, Orion, Heidelberg, Infantis,
Tennessee, and Kentucky, are isolated and detected frequently (Shariat et al., 2020). Salmonella
in raw ingredients and finished feed is present in levels averaging <20 colony-forming unit
(CFU)/100g, where levels of >103 CFU/100 g have occasionally been detected (Patterson, 1971;
Franco, 2005). Contamination of Salmonella in ingredients and feed lacks uniformity, often
requiring hundreds of samples to assess contamination levels to reliably reach accurate conclusions
(Jones and Richardson, 2004). Since Salmonella has the ability to survive in dry environments for
extended periods, chances of cross-contamination of future batches of feed can increase (Jones,
10

2011). Feed is not the only vector of transmission to poultry. The level of Salmonella
contamination in broilers increased during feed withdrawal period prior to processing due to
broiler’s behavior to peck and ingest contaminated floor litter when feed is removed prior to
harvest (Corrier et al., 1999; Buhr et al., 2017; Harris et al., 2019).
VI.

Food and Feed Safety Legislation
U.S.-CDC (2020) estimate that every year in the United States, there are around 1.35

million cases of salmonellosis, including 26,500 hospitalizations and 420 deaths. Due to these
alarming rates of infection, food safety has been of ever-increasing importance. On January 4,
2011, the Food Safety Modernization Act (FSMA) was signed into law by Congress. This law
added a component of controls to aid in the prevention of foodborne pathogen outbreaks rather
than solely reacting to an outbreak. These preventative controls use science-based preventative
measures as described in the section titled “Preventive Control for Human Food”. Under this law,
facilities must conduct Hazard Analysis and Risk-Based Preventive Controls (HARPC) and
establish science-based preventive control measures which reduce the risk of contamination,
whereas prior these programs were voluntary. These rules now carry over to feed mills, which
need plans to reduce the risk of feed contamination.
Another piece of legislation to help keep the food chain safe is the Veterinary Feed
Directive (VFD) (U.S. Food & Drug Administration (FDA), 2018). These are stricter federal rules
that regulate how important shared class medications, such as tetracycline and penicillin, are
administered to animals in feed (require a VFD) and water (require a prescription). Proper
administration of antibiotics is needed to reduce the opportunity for resistant bacteria to develop
and keep relevant antibiotics ready for situations to keep both humans and animals healthy.
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VII.

Salmonella Prevention, Reduction, and Elimination in Feed Mills
Salmonella spp. are ubiquitous in nature and have superb survivability, making control

difficult (Humphrey, 2004). Because of Salmonella’s survivability, multiple tools for control must
be utilized as a regular part of the feed manufacture process, which is often referred to as a multiple
hurdle approach (Ricke et al., 2005). Three broad categories for Salmonella control are utilized for
feed manufacture: effort to prevent contamination, effort to reduce microbial multiplication, and
effort to kill the pathogen (Jones, 2006). Contaminated ingredients and feed are considered to be
the primary vectors, so it is prudent for mills to assume all incoming ingredients and feed are
contaminated and should be handled as such (Jones and Richardson, 2004). The more times feed
is handled increases the chance of potential contamination, so handling should be kept to a
minimum and only when required (Ratcliff, 2006).
Multiple practices can be implemented to aid in the prevention of Salmonella
contamination in the mill. One of the simplest practices is to purchase ingredients and feed from
suppliers that regularly test for pathogens. Purchasing from these suppliers reduces the chance of
bringing Salmonella and other pathogens into the feed mill and possibly contaminating equipment
(Anonymous, 2001). Control of dust when receiving ingredients and during grinding can reduce
the risk of aerosol spread of Salmonella. Delivery of raw materials is considered the largest source
of dust emissions, but large amounts of dust can also be produced from grinding equipment if air
quality equipment is not properly maintained (McCarty, 2005; McDaniel, 2005). Other practices
to reduce contamination are to not allow the buildup of dust and caked material as these can
provide a suitable substrate for Salmonella colonization (Jones, 2006). Air vents to the outside of
the mill should be separated from any air intakes as this will remove potentially contaminated dust
from the mill (Jones, 2006). Any air intake should have a filter equipped to prevent
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recontamination from intake of contaminated dust or other possible vectors outside the mill (Jones,
2006).
Cross-contamination prevention can be done by implementing boot covers or other
footwear disinfecting methods between raw ingredient areas and finished feed locations (Jones,
2011). Regular cleaning of areas that may accrue fat and oil can decrease potential locations for
Salmonella to colonize, as these materials can offer protection to outside stressors (D’Aoust, 1997;
Nayak, 2000; Morita et al., 2006). Pest control is another must for feed mills to control Salmonella
introduction, as rodents and birds can be vectors (Morita et al., 2006; Benskin et al., 2009). Jones
and Ricke (1994) suggested intake pits be cleaned with a neutral feed, such as corn with an added
organic acid, as this is a simple and effective way to aid in preventing any cross-contamination
that could happen between batches of feed. Transport vehicles have been identified as another
vector for pathogens such as Salmonella (Fedorka-Cray et al., 1997; Whyte et al., 2003). Best
practices to mitigate cross-contamination would be to have trucks solely deliver one type of raw
ingredient and have the vehicle thoroughly cleaned before the next load is sent out (Jones, 2011).
This may not always be practical, so the alternative recommendation is to have drivers disclose
the contents of their past three loads prior to delivery (Ratcliff, 2006). These are just some ways a
feed mill can try to control the introduction of Salmonella, but there are also methods to aid in
reducing the number of viable cells that could contaminate feed.
Salmonella contamination may still happen even with proper procedures, so reducing or
preventing multiplication must be considered. Preventing excess moisture in the feed mill is the
simplest and easiest way to prevent Salmonella growth (Jones, 2011). Without excess moisture,
Salmonella lies dormant and does not reproduce, limiting the amount of pathogen that needs to be
eradicated. Salmonella can form biofilms, a layer of microorganisms that form in niche areas that
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can be difficult to eliminate (Shi and Zhu, 2009). As every feed mill has its unique design, workers
must identify any areas in that feed mill that could harbor biofilms, including Salmonella (Shi and
Zhu, 2009).
One common area in a feed mill that allows for biofilm formation is in the pellet cooler.
Hot pellets are conveyed to the cooler and can release water vapor onto the cooler surface of the
cooler deck, which then can condense and trap dust (Israelsen et al., 1996). This moist environment
can allow Salmonella to replicate and contaminate future batches of feed (Israelsen et al., 1996).
Since cooler decks can be difficult to clean, other ways to prevent moisture buildup are required.
One of the simplest methods to avoid moisture build-up is to heat the cooler deck above the dew
point of the ambient air (Israelsen et al., 1996). Elimination is the final step a feed mill should
employ after attempts to control and reduce Salmonella is elimination.
Feed manufacturers have a few tools to aid in eliminating Salmonella contamination in
feed. They can use thermal processing, applying a chemical to the feed, or both (Jones, 2011).
Microbial lethality can be associated with three factors: temperature, exposure or cooking time,
and amount of moisture (van Schothorst and Brooymans, 1982). There has been speculation that
heating pathogenic cells to a temperature of approximately 71°C results in the cells being
destroyed and yielding a 103 CFU/100 g reduction in viable cells. Temperatures between 79°C and
85°C are the target for pathogen reduction (Stott et al., 1995; Veldman et al., 1995). Other work
has demonstrated that when feed is pelleted at 80°C, most Salmonella and other coliforms are
reduced but pelleting over 90° was not lethal to spore-forming bacteria (Obi, 1978; Furuta et al.,
1980; Cox et al., 1986; Veldman et el., 1995; Jones and Richardson, 2004). Boney and coauthors
(2018) found a reduction of a Salmonella surrogate when short-term steam conditioning was
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applied for 30 seconds to mash feed, and the potential for more reduction was increased when the
conditioning temperature was increased to 81°C and 88°C.
Other pieces of feed manufacturing equipment have shown potential for decreasing the
pathogen load of feed. One such piece of equipment is an expander. Expanders have been
demonstrated to reduce pathogen load 105 to 106 CFU/g when temperatures between 115° and
125°C, pressure up to 1,200 psi, and exposure times of 10 to 20 seconds were used (Francher et
al., 1996). Expanders are not commonly used in American poultry feed production but could be
implemented if a more hygienic feed is desired. One negative consequence of expander use would
be potential nutrient loss due to high temperatures and pressure, leading to costly cover
formulations in diets. Temperature is not the only factor that can be manipulated to impact bacterial
reduction, as moisture also has an important role.
Past work has demonstrated that increasing feed moisture from 5 to 15% can reduce the
required exposure time to eliminate Salmonella in feed when conditioned at temperatures ranging
from 71° to 82°C (Himathongkham et al., 1996). The optimal temperature/time/moisture
combination to achieve a 4-log reduction in viable Salmonella cells was 93°C for 90 seconds with
15% moisture (Himathongkham el al. 1996). Extra moisture in the feed likely aids in the thermal
breaking of peptide bonds within the pathogens causing cell death. Use of high conditioning
temperatures and times may be beneficial at eliminating pathogens, such as Salmonella, but may
have negative impacts on the feed, such as loss of vitamins and denaturation of proteins to an
unusable form (Marchetti et al., 1999; Cutlip et al., 2008; Boltz et al., 2020). The inclusion of
organic acids can aid pathogen reduction in the feed, without the use of high conditioning
temperatures.
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Chemicals used to control Salmonella consist of blends of organic acids, such as formic
and propionic, and formaldehyde (Smyser and Snoeyenbos, 1979; Ha et al., 2000; Ricke, 2005).
The inclusion of these chemicals can aid in the destruction, inhibit growth, and prevent
recontamination of microorganisms during and after the pelleting (Carrique-Mas et al., 2007). One
negative of chemical addition is that extended retention may be needed for maximum efficiency.
Work done by Phelps (1989) demonstrated that mixtures of organic acids applied at 3% to various
meat meals eliminated Salmonella but required a 3-day period.
When propionic acid is added to feed at 0.25%, CFU counts can be reduced to less than
10 within 72 hours of application, but with higher concentrations, colonies can be reduced to
similar counts within 2 hours of application (John et al., 1989). The long exposure times needed
to reduce Salmonella colonies may not be feasible for meat by-products and poultry feed, because
large volumes of these are needed daily, limiting the probability for desired exposure times. Feed
mill workers applying these chemicals must be adequately trained to prevent injury and possible
overexposures (Sheldon and Brake, 1991). Chemicals like organic acids are a great tool in
controlling Salmonella and other pathogens when the initial concentrations are low. Inorganic
acids may not be effective on high concentrations if not allowed adequate exposure time. Research
investigating pathogen reduction in the feed mill is critical to developing proper control methods.
Such research cannot be conducted with actual pathogens. Use of surrogate organisms are the best
way to accomplish this without contaminating a working feed mill with undesired pathogens.
VIII.

Surrogate Organisms
Enterococcus faecium (E. faecium) is commonly used as a surrogate organism for

Salmonella research, with the two most common lab strains being American Type Culture
Collection (ATCC) 8459 and Agriculture Research Service Culture Collection (NRRL) B-2354
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(Kopit et al., 2014; Ceylan and Bautista, 2015). These strains are used because they both lack the
majority of virulence factors known for this species and are sensitive to medically relevant
antibiotics (Kopit et al., 2014). Bianchini et al. (2014) demonstrated that a 5-log reduction of
ATCC 8459 can be achieved with a minimum extrusion temperature of 74°C in a balanced
carbohydrate-protein meal. The same authors found that extrusion above 80°C with a barrel
residence time of 50 seconds yielded no detectable colonies (Bianchini et al., 2014). Pelleting feed
inoculated with E. faecium using a standard pelleting method (conditioned at 70°C for 15 seconds
without hygieniser use) compared to a more a thermally aggressive pelleting method (conditioned
at 80°F for 30 seconds and hygieniser retention for 45 seconds) resulted in 3- and 4-log reduction,
respectively (Boltz et al., 2019). Boney et al., (2018) found that E. faecium was reduced by 3-log
versus 4-log using short-term steam conditioning for 10 seconds and long-term steam conditioning
for 60 seconds, respectively.
Another surrogate to consider for this type of research would be Pediococcus acidilactici
(P. acidilactici). This organism has been used in low-moisture pet food research, which could be
comparable to poultry feed. P. acidilactici and E. faecium are suitable for thermal inactivation
studies, but P. acidilactici may be a superior option for thermal studies under 90°C (Ceylan and
Bautosta, 2015). P. acidilactici has a lower heat resistance than E. faecium, making it easier to
work with when testing between 60° and 90°C (Ceylan and Bautosta, 2015). Surrogates maintain
a vital role in thermal reduction research in a feed mill environment since they do not possess the
same risk as their pathogenic counterparts. This attribute allows for ease of handling by researchers
without risking the safety of future feed batches produced in the feed mill after research is
concluded.
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IX.

Lab-based Thermal Inactivation Research
Differing steam conditioning temperatures, conditioning times, antimicrobial inclusion,

and different feed mill equipment have shown promise for reducing the bacterial load of pelleted
broiler feed (Boney et al., 2018; Boltz et al., 2019). However, limited work has been conducted on
poultry feed focusing on the modeling of microbial inactivation and estimating the D- and z-values
for broiler feed during heat treatment to accurately predict Salmonella thermal inactivation (Boltz
et al., 2021). “D-value” can be defined as the time required to kill 90% of the organism at a specific
heating temperature and “z-value” can be defined as the temperature change required for the Dvalue to change by ten-fold (Jay, 2005). The use of existing models could aid in the development
of feed industry standards to ensure the production of pasteurized feed.
An early study conducted by Liu et al. (1969), demonstrated that heating a starter diet at
74°C for 40 minutes reduced Salmonella Senftenberg by 4.5-log CFU/g. Recent work by Steghöfer
and coauthors (2021) found that heating a broiler diet at 85°C for 30 seconds yielded a 2 to 5 log
CFU/g reduction for 5 tested Salmonella serotypes. Boltz et al. (2021) found that heating mash
broiler feed at 85° and 80°C for 120 seconds resulted in a 7-log CFU/g reduction in Salmonella
Typhimurium. Reduction of Escherichia coli O157:H7 by 1.3 to 2.2 log CFU/g was observed in
cattle feed when feed was heated at 70°C for 20 to 120 seconds (Hutchison et al., 2007).
Boltz et al. (2021) estimated that the z-value is 42.1°C, D-values increased from 6.70 to
24.40 s with heating temperature decreased from 95° to 75°C in mash broiler feed that had been
inoculated with Salmonella Typhimurium. Amado et al. (2013) found the D-values to be 12.6 s
(0.21 min, 65°C) to 108 s (1.80 min, 55°C) for Salmonella inoculated cattle feed heated at 55° to
65°C. Work determining the D-value of Salmonella Agona in 12% moisture broiler feed was 3.1
seconds after heating at 85°C in a customized autoclave (Steghöfer et al., 2021). Boltz and
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coauthors (2021) found that linear, Weibull, Double-Weibull, and Biphasic linear models appear
suitable for the determination of thermal inactivation kinetics for S. Typhimurium in mash broiler
feed. More research needs to be conducted in a feed mill environment to validate the findings from
these lab-based studies and the same models applied to feed from a feed mill environment.
X.

Conclusions/Recommendations
Feed manufacturing is a vital industry for feeding the entire world. Poultry product

consumption continues to climb, and thus, feed manufacturers need to keep up with this demand.
The process has been described as more of an art than a science because of all the different
variables that need to be considered. Diet formulation has a major role in pellet quality and
production rate as different ingredients and inclusions can have major impacts on both these
factors. The use of higher conditioning temperatures can aid in pellet quality and pathogen
reduction but may have negative consequences on nutrient availability and, ultimately, bird
performance. With more focus being placed on producing hygienic feed one more variable of
concern has been added to feed manufacture. Sourcing ingredients from supplies that regularly test
for pathogens and maintaining a clean feed mill environment can be simple yet effective ways to
reduce pathogen contamination of the feed mill. Validating lab-based models in the feed mill can
aid in developing baseline industry safety standards for feed mill managers to employ. A delicate
balance between feed manufacture, nutrition, and feed microbiology should be considered to
ensure safe feed production, which ultimately provides safe poultry products for consumers.
XI.

Future Research
Future research should focus on the effects of new feed mill equipment, such as

hygienisers, on nutrient availability and pathogen reduction. Past research with this equipment
has shown promise for reducing the pathogen load of feed, but little research has been done on
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how nutrient availability to birds is affected. Differing conditioning temperatures and times could
be utilized to manufacture feed for feeding to cecectomized roosters and broilers. Utilizing these
two models would allow the researcher to see how the digestibility of important amino acids, like
methionine, lysine, and threonine, is impacted and identify any negative effect on broiler
performance.
Recent work in a lab-based setting has determined the reduction of selected pathogens in
feed which now needs to be validated in an actual feed mill setting. Use of typical conditioning
temperatures and times can be used to determine thermal inactivation parameters, such as D- and
z-values. Lab studies have also not accounted for the use of a hygieniser, which could aid in
pathogen reduction and underestimate thermal inactivation parameters. Studies modeling the
thermal inaction parameters of feed manufactured with and without a hygieniser will allow for
data examining if the equipment does have an impact on pathogen reduction.
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SUMMARY
Feed mill pellet production rate is of great importance to integrated meat bird production.
Ingredients such as dried distillers grains with solubles (DDGS), inorganic phosphate source
(IPS), and fat influence production rate and feed quality due to their composition. The naturally
abrasive properties of an IPS may scour the pellet die and affect feed production rate. The objective
of the study was to evaluate the effect of a dacitic tuff breccia (AZOMITE®) inclusion in a corn,
soybean meal, DDGS based diet with either dicalcium (DCP) or tricalcium (TCP) on pellet mill
production rate, hot pellet temperature, and pellet quality. The assessment included 4 experimental
treatments in a 2 (DCP or TCP) x 2 (AZOMITE® (AZM) or no AZM) factorial Latin Square
Design across 4 manufacturing days with complete blocks in each day. Average temperature and
humidity were 16˚C and 67%, respectively. There was a 6% increase in production rate when AZM
was added to DCP diets (0.99 versus 1.05 MT/hr; P<0.001) and an 8% increase in production rate
when AZM was added to TCP diets (1.10 versus 1.19 MT/hr; P<0.001). The increased production
rate that favored AZM and TCP diets may be associated with an additive effect of pellet die
scouring. IPS and AZM interacted to affect pellet quality (P<0.021) demonstrating that increased
production rate decreased pellet quality; however, the greatest amount of the observed change
(3%), would likely have little effect on bird performance. This study was successfully designed to
remove confounding treatment effects of day-of-manufacture and run-order.

Key words: feed manufacture, tuff breccia, production rate, phosphate source, throughput
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DESCRIPTION OF PROBLEM
Feed manufacturing efficiency is a primary contributor to the economic success of protein
production in the food animal sector, as feed and feed manufacture are associated with 65% of
total production costs (Cutlip et al., 2008). Meat bird diets are almost exclusively pelleted due to
decreased feed wastage, ingredient segregation, prehensile energy expenditure, selective feeding,
and pathogen load (Behnke, 1994). Large quantities of feed are required during finisher and
withdrawal diet phases making pellet production rate an important factor to optimize within a
constrained time.
A multitude of factors can have an impact on pellet manufacturing such as conditioning
temperature and time, particle size, die specification, and cooling (Moritz et al., 2005; Stark et al.,
2009; Buchanan et al., 2010). Diet formulation is another component that can be manipulated to
vary the impact on pellet production rate and quality. Ingredients such as corn derived dried
distillers’ grains with solubles (DDGS), meat and bone meal (MBM), inorganic phosphate source
(IPS), and fat are most influential in their impact on production rate and pellet quality (Briggs et
al., 1999; Loar et al., 2010; Wamsley et al., 2012). Past research has indicated that DDGS can
negatively affect production rate and pellet quality. Behnke (2007) stated that when DDGS is
incorporated at 5 to 7% of the diet production rate and pellet quality will decrease. Loar et al.
(2010) demonstrated that the inclusion of 15 and 30% DDGS reduced pellet quality by 7 and 12%
respectively. In addition, a 0.068 MT/hr or 6% decrease in production rate was observed when the
diets contained 30% DDGS (Loar et al., 2010). Tillman et al. (2020) found that an 8% inclusion
of DDGS decreased production rate by 0.032 MT/hr or 5% and pellet quality 1%.
The abrasive properties of IPS may scour the pellet die and affect feed production rate, the
energy usage of the pellet mill, or both (Behnke, 1981). The inorganic phosphate particles in the
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diet help maintain a clean die by dislodging residual feed that would adhere to the inner die surface
such as built-up gelatinized starch and denatured proteins (Behnke, 2007). Past literature has
shown that the use of high inclusion levels of tricalcium phosphate (TCP) in corn and soybean
meal-based diets decreased pellet mill relative electrical energy usage by 9 and 11% when
compared to monocalcium phosphate (MCP) and dicalcium phosphate (DCP) respectively
(Wamsley et al., 2012). Anecdotal evidence of using TCP to increase pellet production rate is
widespread in integrated feed mills. However, as with increased pellet production rate, pellet
quality is often decreased.
Currently, IPS use has declined, in part due to expense, the use of exogenous phytases, and
decreased safety margins of dietary phosphorus for reduced environmental impact. An alternative
product with die scouring potential that may be included in low inclusion of feed phosphate diets
is AZOMITE® (AZM, AZOMITE Mineral Products, Nephi, UT). This product is of solidified
volcanic igneous rock origination, comprised of a large portion of non-crystalline composite and
characterized as a dacitic tuff breccia composition but is not strictly Dacite. This material has also
been described as a Vitric, poorly welded Tuff meaning it is quite porous, breaks apart easily, and
contains several crystalline minerals (Neuendorf et al., 2011). The exact mechanism of how AZM
enacts its effect on feed milling is still unknown. The two working hypotheses are that the hardness
and irregular shape allow for improved milling efficiency, while the other is additional lubrication
from minor surface fraction coating of the product when exposed to steam. Tillman et al. (2020)
found that the inclusion of AZM can increase production rate without detriment to pellet quality.
Malheiros et al. (2018) demonstrated that supplementing post-molt hens with AZM can improve
feed conversion and ileum digestibility. Jones and Davis (2018) demonstrated that feed conversion
ratio was improved when 0-21d chicks were fed diets containing AZM.
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The objective of the current study was to evaluate the effect of dacitic tuff breccia
(Azomite®) inclusion in a corn, soybean, DDGS based diet with either DCP or TCP on pellet mill
production rate, hot pellet temperature, and pellet quality.
MATERIALS AND METHODS
Diet Formulation and Batching
Corn and soybean-based diets with DDGS were formulated using recommendations for
amino acids in broiler finisher diets from Tillman and Dozier (2013) (Table 1). Each diet was
batched according to treatment, more specifically the inclusion of IPS (DCP or TCP) and inclusion
of AZM product (with AZM or without AZM). Master-batches of DCP and TCP formulations
were initially batched and mixed. AZM and a portion of corn were not included when master
batches were produced as this was accomplished prior to pelleting. Master batches were weighed
into 23 kg bags and allocated equally to treatment and day of manufacture 454 kg experimental
unit designations. AZM and ground corn were mixed in a Univex paddle mixer for 5 minutes
(Univex Floor Paddler Mixer, Model: M12B, Univex Corporation, Salem, NH) prior to addition
to diets in a one-ton, vertical screw Easy Automation Inc. Modular Feed Processor (Easy
Automation Inc., Welcome, MN). Soybean oil was added at a 1% inclusion rate at the mixer to
mimic industry practice of adding a portion of oil/fat pre pelleting.
Feed Manufacture
All feed was pelleted at the West Virginia University (WVU) pilot feed mill located in
Morgantown, West Virginia during April 2020 over a 4-day period. Days for pelleting were chosen
based on warm ambient temperatures of 16°C ± 2°C to reduce variation during pelleting. Feed was
manufactured in a Latin Square Design, that allowed for each treatment to be manufactured at a
different position in the pelleting order within day. A California Pellet Mill (CPM) conditioner,
CPM hygieniser, 40 HP pellet mill (Master Model Pellet Mill, CPM, Crawfordsville, IN), and 4.7
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x 38mm CPM pellet die were utilized. Steam pressure was throttled to 276 kpa prior to the
Masoneilan Valve and entrance to the conditioner. Pellet mill motor load was kept constant at 40%
for all treatments and days of manufacture. For this experiment, the hygieniser was not activated;
therefore, no heated retention of feed occurred. However, feed still passed through the hygieniser;
as there is no bypass within this feed manufacture system. After target temperature had been
achieved for each treatment, pellet mill motor load was monitored using a Beta Raven
programmable logic control system (PLC, 120V #10113354; Beta Raven Automation Solutions,
St. Charles, MO).
Beginning each day of manufacture, the internal metal components of the WVU pelleting
system were warmed by pelleting 454 kg of a high fiber ruminant diet. The high fiber in the
formulation heated the steel housing of the mill system and generated friction in the pellet die
without necessitating a high volume of warm-up feed. Post warming and based on the Latin Square
Design, experimental mash treatments were conveyed to the surge bin above the pelleting system.
While being conveyed to the surge bin, 10 mash feed samples were obtained for analysis. The feed
auger rate from the surge bin to the conditioner was gradually increased while simultaneously
increasing the opening of the Masoneilan steam valve. All treatments were conditioned at 80˚C
for 30 seconds at a standardized 40% pellet mill motor load. The pellet mill system was designed
to produce pellets at a rate of 0.91 metric tons per hour (MT/hr). Feed auger rate was maximized
to produce the highest production rate that maintained 80˚C conditioning temperature at 40% pellet
mill motor load.
Five hundred grams of pelleted sample for each treatment were taken immediately after
pellet die extrusion and placed on cheesecloth covering a large agricultural fan. This fan pulled
ambient air across the pellets for a standardized time of 12 minutes to allow the pellets to cool and
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dry. This follows methodologies from Reese et al. (2017) that limits potential nutrient segregation
effects of sampling post-pellet auguring. One kilogram of pelleted sample was collected from the
cooler deck to determine pellet quality of each treatment. Throughout the run of each treatment, a
portion of the pelleted sample was assayed for hot pellet temperature 4 times by using an insulated
container to catch pellets, immediately closing the lid, and inserting an 80PK-24 temperature probe
attached to a thermocouple (Fluke 51 II, Everette, WA). In addition, production rate was also
measured directly from the pellet die 4 times throughout the run by collecting pellets post die
extrusion for 60 seconds and weighing. These data points were analyzed by repeated measures
within day of manufacture and run order for each day and the overall period in the statistical
analysis.
Pellet Quality Analysis
Pellet quality was determined on the day of manufacture utilizing a New Holmen Pellet
Tester (New Holmen Portable Pellet Durability Tester, Lignotech USA Inc., Rothschild, WI). All
pelleted samples from each treatment were sifted using a No. 5 W.S. Tyler testing sieve (U.S.A
Standard Test Sieve. No. 5. W.S. Tyler. Mentor, OH). One hundred-gram samples of sifted pellets
were placed in the New Holmen Pellet Tester perforated chamber, where forced air was applied
for 30 seconds, and remaining pellets were weighed and recorded as a percentage. Pellet quality
analyses were conducted in triplicate for each treatment, and results reflect average pellet quality.
Statistical Analysis
Variables were analyzed in a 2 (DCP or TCP) x 2 (with AZM or without AZM) factorial
arrangement in a Latin Square Design across 4 manufacturing days with complete blocks in each
day. The experimental unit consisted of one 454 kg batch of feed. Blocking criteria for feed
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manufacture was the day of manufacture and each treatment was manufactured at a different
position in the pelleting order within a day (RUNID). The factorial arrangement was performed to
compare the main effect means of IPS and AZM and determine interactions between IPS, AZM,
and DAY. Random effects of RUNID, sample replicate, day, and replicate within RUNID for each
variable using repeated measures across days was considered. Data were analyzed in a mixed
model analysis using the GLIMMIX procedure of SAS (The SAS System for Windows 2017
Release 9.4, SAS Inst. Inc., Cary, NC) with alpha set at P≤0.05 and a trend defined at P≤0.10.
Possible interactions were tested for the combination of IPS x AZM x DAY. Linear contrasts were
examined for treatment comparisons of interest.
RESULTS AND DISCUSSION
Diets were analyzed for crude protein, calcium, total phosphorus, and phytic acid, and the
non-phytate phosphorus percentage was calculated (Table 1). DCP, TCP, and AZM were analyzed
for calcium and total phosphorus; additionally, DDGS were analyzed for crude fiber, fat, and
protein (NP Analytical Laboratories, St. Louis, MO) (Table 2). These data indicate that dietary
analyzed nutrient values approximated calculated values albeit higher. The DDGS analyzed fiber
content (7%) supports characteristics that challenge pellet mill production rate.
Interactions
Feed manufacture and pellet quality interaction and linear contrast data are presented in
Table 3. A significant interaction was observed for IPS and AZM on production rate (P=0.014).
Production rate increased with TCP compared to DCP and AZM compared to no AZM, with the
greatest increase observed for TCP with AZM. There was a 6% increase in production rate when
AZM was added to DCP diets (0.99 versus 1.05 MT/hr; P<0.001) and an 8% increase in production
rate when AZM was added to TCP diets (1.10 versus 1.19 MT/hr; P<0.001) compared to their
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counterparts without AZM. The increased production rate that favored AZM and TCP diets may
be associated with an additive effect of pellet die scouring. These results agree with past literature
that describes TCP effect on increasing production rate due to pellet die scouring (Verner, 1988;
Dietz, 1989; Wamsley et al., 2012). A significant interaction was observed for IPS and AZM on
pellet quality (P=0.021). The increased production rate that was observed for AZM and TCP
decreased pellet quality, more so for AZM added to DCP diets. However, the greatest amount of
change (3%), would likely have little effect on bird performance. These results also agree with
past literature that describes TCP effect on decreasing pellet quality due to increased production
rate and lower retention within the pellet die (Dietz, 1989; Axe, 1996; Wamsley et al., 2012).
Data from the current study agrees with Tillman et al. (2020), which indicates a 6%
improvement in production rate with AZM added to diets that contain DDGS and MBM. The
increased production rate effect of AZM may be associated with its hardness and irregular shape
(Figure 1) that contribute to pellet die scouring. This would be similar to the benefits of TCP
relative to DCP based on differences in particle angularity (Figure 2A and Figure 2B, respectively).
In addition, lubrication from minor surface fraction coating of the product could contribute to
increased production rate. Past research has shown that 1% of moisture is added for every 14°C of
mash heating (Anon, 1984). In this study, the ambient temperature averaged 16°C, and mash
temperature in the pellet mill surge bin prior to conditioning averaged 22°C. Therefore,
conditioning to the goal temperature of 80°C would provide an estimated moisture addition of 4%
that could contribute to minor surface fraction coating. The addition of moisture to sheet structure
minerals has been shown to decrease the friction between the minerals in the sheet structures
(Moore and Lockner, 2004). This property would allow the friction between AZM particles and
possibly the pellet die to be decreased, possibly contributing to increased production rate.
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The IPS and AZM inclusion trended to interact in their effect on hot pellet temperature
(P=0.097). These effects were likely too small in magnitude to be practically significant.
Significant interactions also existed for production rate with DAY x IPS (P=0.005) and Day x IPS
x AZM (P<0.001).
Contrasts
Linear contrasts among comparisons of interest demonstrated that TCP diets with AZM
increased production rate relative to DCP diets with AZM by 14% (1.193 versus 1.047 MT/hr;
P<0.001). This observation may be explained by the additive pellet die scouring effect of TCP
and AZM as well as a potential scour and lubricating effect of AZM. TCP diets with AZM
decreased pellet quality relative to DCP diets with AZM by 1% (83.71 versus 82.59%; P<0.001).
This decrease is likely due to the increased production rate and would likely not affect bird
performance.
The TCP without AZM diets increased production rate relative to DCP without AZM diets
by 12% (1.107 versus 0.990 MT/hr). TCP diets without AZM decreased pellet Quality relative to
DCP diets without AZM by 2% (82.91 versus 84.90%; P<0.001). The increased production rate
and decreased pellet quality are likely associated with the TCP, which in past literature has been
shown to increase production rate and decrease pellet quality as a result (Verner, 1988, Dietz,
1989; Axe, 1996; Wamsley et al., 2012).
The DCP diet with AZM led to a production rate that differed from the one obtained from
the TCP diet without AZM (1.047 versus 1.107 MT/hr). This observation was consistent
throughout all statistical comparisons. AZM demonstrated die scouring and/or lubricating
properties, but not to the same extent as TCP. TCP diet without AZM decreased pellet quality
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relative to the DCP with AZM diet by 1% (83.71 versus 82.91%; P=0.0173) which can be
attributed to increased production rate.
The current study and past literature indicate that there is room left in modern practices to
improve milling efficiency. Environmental factors such as ambient temperature and humidity as
well as diet formulation (IPS, DDGS, MBM, oil inclusion) can impact the efficiency of a feed mill
within and between days of manufacture. While these factors can influence the efficiency, AZM
can improve production rate while mill load is held at a constant rate. This may be beneficial to
feed mills that produce large amounts of feed, especially during the finisher and withdrawal
phases. Pellet quality in the current study was not degraded to an extent that would sacrifice bird
performance due to poor quality. The authors of the current study recommend future research to
determine the impact of AZM on animal performance metrics.
Discussion of Experimental Design and Methodology
This study was successful at removing the confounding effects of day-of-manufacture and
run-order (P<0.001). These two variables were significant for measures of production rate.
Additionally, day-of-manufacture trended toward affecting hot pellet temperature and run-order
was significant for pellet quality. Four different potentially confounding study variables that were
considered in the design of this study are described below.
1) Ambient temperature: Although feed milling occurs during all times of the year and
within a great variety of ambient conditions, certain ambient conditions are more
conducive to reducing errors during experimentation. We chose to conduct the experiment
during warm ambient conditions 16˚C ± 2˚C. Colder weather necessitates greater steam
input to reach goal conditioning temperature. More steam equals more moisture and that
in turn provides more lubrication. The goal of the study was to determine IPS and AZM’s
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effect on production rate, so excessive lubrication due to increased steam moisture would
potentially be confounding.
2) Day variation and run order variation: Based on even small fluctuations in ambient
temperature and humidity, milling inputs change to meet manufacturing goals. Therefore,
treatment replication was blocked by day. All treatments were run on each day of
manufacture. Run order of treatments can also be confounding. As the steel housing of
the mill continues to warm-up due to the increased volume of feed manufactured,
throughput may increase. Therefore, a Latin-square design was implemented, so that each
treatment was manufactured at each position within the run order. This design should
account for and remove the influence of effects associated with day and run order on
treatment.
3) Mixer added fat: Mixer added fat can influence lubrication at the mash pellet die
interface and affect throughput. More mixer added fat provides more lubrication. The goal
of the study was to determine IPS and AZM’s effect on production rate, so excessive
lubrication due to the fat content of mash feed would potentially be confounding. In
addition, the use of low levels of mixer added fat with remaining fat being added post
pelleting is a common industry practice.
4) Pellet Mill Operator error: Although the Latin square design should account for
variation in ambient temperature among replicate days and run order, there remains pellet
mill operator error. This study standardized conditioning temperature (80˚C) and pellet
mill motor load (40% of 47 amps, motor plate full load amps) among treatments. In
addition, the authors wanted to achieve a minimum production rate of approximately 0.91
MT/hr. To standardize these variables, the pellet mill operator manipulates the opening
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of the Masoneilan Valve and feeder screw rate that conveys feed from the surge bin into
the pelleting system. During cooler ambient conditions, the pellet mill operator may have
to open the Masoneilan Valve to a greater degree and balance conditioning temperature
with an appropriate feeder screw rate to achieve goal conditions, this would be vice versa
during warmer ambient conditions. During feed manufacture experimentation, when the
experimental unit or batch is limited (454 kg), the more similar ambient conditions remain
among days of manufacture the more consistent the adjustments by the pellet mill operator
i.e. less of a learning curve per day of manufacture. Therefore, days of manufacture were
specifically chosen based on ambient temperature forecast 16˚C ± 2˚C.
CONCLUSIONS AND APPLICATIONS
1. The increased production rate of TCP relative to DCP was confirmed as reported
anecdotally and in past literature. In the current study, the production rate increase was
12%. There was a significant response towards this level of a production rate increase to
decrease pellet quality, though the change was small in magnitude.
2. AZM inclusion (0.25%) increased production rate in both DCP and TCP-based diets. The
production rate increase was between 6 and 8%, with a greater increase for TCP with
AZM. AZM did not affect hot pellet temperature but did affect pellet quality; however,
the magnitude was less than the relative effect IPS source within and across IPS treatment
groups and likely would not impact poultry performance.
3. This study was successful at removing the confounding effects of day-of-manufacture and
run-order. These two variables were significant for measures of production rate. In
addition, day-of-manufacture trended toward affecting hot pellet temperature and runorder was significant for pellet quality.
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4. These results and others recorded indicate that there is room left in modern practices to
improve milling efficiency. Several independent factors impact a given formulation’s
ability to be processed efficiently within and between days. While several factors
influence this efficiency, AZM can improve production rate while mill load is held at a
constant rate.
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TABLES AND FIGURES
Table 1. Broiler finisher formulations for diets containing dicalcium phosphate (DCP) or
tricalcium phosphate (TCP) (% diet).
Ingredients
Corn
Soybean meal (44%)
DDGS
Soy oil – only 1% added at the
mixer
DCP or TCP
Limestone
Salt
DL – Methionine
Vitamin/mineral premix1
L- Lysine - HCl
L- Threonine
Sodium bicarbonate
AZM product/filler space

DCP
53.70
32.97
5.00
4.82

TCP
54.43
32.91
5.00
4.59

1.70
0.74
0.27
0.19
0.25
0.008
0.003
0.10
0.25

1.75
0.47
0.06
0.19
0.25
0.001
0.002
0.10
0.25

Calculated Nutrient Values (%)2

ME (kcal/kg)
Crude protein
Dig. Lysine
Dig. TSAA
Dig. Methionine
Dig. Threonine
Dig. Tryptophan
Calcium
Non-phytate phosphorus
Sodium

3,122
19.55
1.00
0.77
0.49
0.68
0.22
0.76
0.38
0.17
Analyzed Nutrient Values (%)
DCP (%)
Control
AZM
Crude protein
22.2
20.9
Calcium
0.88
0.94
Total phosphorus
0.75
0.74
Phytic acid ion exchange
0.87
0.84
3
Non-phytate phosphorus
0.51
0.50

3,122
19.56
1.00
0.77
0.49
0.68
0.22
0.76
0.38
0.17
TCP (%)
Control
AZM
21.1
22.7
1.14
1.16
0.76
0.74
0.81
0.78
0.54
0.52

1Supplied the following per kilogram of diet: manganese, 0.02%; zinc, 0.02%; iron, 0.01%; copper, 0.0025%; iodine, 0.0003%; selenium,
0.00003%; folic acid, 0.69 mg; choline, 386 mg; riboflavin, 6.61 mg; biotin, 0.03 mg; vitamin B6, 1.38 mg; niacin, 27.56 mg; pantothenic acid,
6.61 mg; thiamine, 2.20 mg; menadione, 0.83 mg; vitamin B12, 0.01 mg; vitamin E, 16.53 IU; vitamin D3, 2,133 ICU; vitamin A, 7,716 IU.
2Metabolizable Energy and Available Phosphorus were based on Agristat values as suggested by M. Donohue. 2013. The Challenges
in Feeding Broilers in Times of High and Volatile Feed Ingredient Costs: How to Cover the Costs?. 2013 Mid- Atlantic Nutrition
Conference proceedings. A 2.2 ratio was maintained for Ca to AP.
Digestible amino acids were based on the digestible lysine value (1.2%) suggested by P. B. Tillman and W.A. Dozier. 2013. Current Amino
Acid Considerations for Broilers: Requirements, Ratios, Economics. www.thepoultryfederation.com for 8 to 14-day broilers. Digestible
amino acid to digestible lysine ratios followed further minimum recommendations of this communication (0.54 methionine, 0.90 TSAA,
0.84 threonine, 0.19 tryptophan).
3

Non-Phytate Phosphorus (nPP) was calculated using the following equation: (Total Phosphorus – (0.282 * Phytic Acid))
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Table 2. Analyzed total calcium, total phosphorus, crude fiber, crude fat, and crude protein for
dicalcium phosphate (DCP), tricalcium phosphate (TCP), Azomite (AZM), and corn-derived
dried distillers grains with solubles (DDGS).
Ingredient
Total
Total
Crude
Crude
Crude
calcium1 (%) phosphorus2 (%) fiber3 (%) fat4 (%) protein5 (%)
DCP6
17.6
15.20
7
TCP
31.0
18.1
AZM8
1.60
0.0258
DDGS
0.0444
0.854
7.10
6.45
28.5
Total calcium was determined using atomic absorption spectroscopy.
2
Total phosphorus was determined using colorimetric spectroscopy.
3
Crude fiber was determined by extracting fiber residue to be weighed, then was ignited and
reweighed to calculate the loss on ignition of residue.
4
Crude fat was determined using petroleum ether in a Soxhlet apparatus method.
5
Crude protein was determined using the traditional Kjeldahl method.
6
Average bulk density from Wamsley et al. 2012 for DCP was found to be 975 kg/m 3.
7
Average bulk density from Wamsley et al. 2012 for TCP was found to be 1,1314 kg/m 3.
8
Azomite Feed Grade bulk density is 1,080.45 kg/m3 loose and 1,215.16 kg/m3 rodded.
1
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Table 3. The effects of inorganic phosphate source (IPS) (dicalcium phosphate – DCP or
tricalcium phosphate – TCP) and Azomite (AZM) inclusion on feed production rate (MT/hr and
kg/min), hot pellet temperature, and pellet quality.
IPS

AZM
inclusion

Production
rate
(kg/min)2
16.51D
17.45C
18.46B
19.88A

Hot pellet
temperature
(°C)3
80.88
81.37
80.98
80.88

Pellet quality
(%)4

No
Yes
No
Yes

Production
rate
(MT/hr)1
0.990D
1.047C
1.107B
1.193A

DCP
DCP
TCP
TCP
DCP
TCP

-----

1.019
1.150

16.98
19.17

81.13
80.93

84.30
82.75

No
Yes

1.049
1.120

17.48
18.67

80.93
81.12

83.90
83.15

IPS SE
AZM Inclusion SE
IPS X AZM SE

Standard Error (SE) of the mean
0.005
0.069
0.005
0.069
0.008
0.107

0.125
0.125
0.180

0.126
0.126
0.179

IPS
AZM
IPS x AZM
DAY
DAY x IPS
DAY x AZM
DAY x IPS x AZM

Probability values
<0.0001
<0.0001
<0.0001
<0.0001
0.014
0.014
<0.0001
<0.0001
0.005
0.005
0.105
0.105
<0.0001
<0.0001

0.269
0.274
0.097
0.263
0.735
0.808
0.839

<0.0001
<0.0001
0.021
<0.0001
<0.0001
<0.0001
0.40

84.90a
83.71b
82.91c
82.59c

IPS

AZM inclusion
-----

TCP w/ AZM vs. DCP w/ AZM
TCP w/o AZM vs. DCP w/o
AZM
DCP w/ AZM vs. TCP w/o
AZM

Contrast Probability Values
<0.001
<0.001
0.2152
<0.001
<0.001
0.9765

<0.001
<0.001

<0.001

0.0173

<0.001

0.3948

1

Production rate (MT/hr) was calculated based on multiple measures of kg/min. Mean values represented each treatment replication.
Production rate (kg/min) was measured. Multiple measures were obtained, and mean values represented each treatment replication.
Hot pellet temperature was determined on multiple samples of pellets directly following extrusion from the die. Mean values represented each treatment
replication. Pellets were collected into an insulated container and temperature was measured using a thermocouple thermometer and an 80PK-24
temperature probe.
4
Durability was measured using the New Holmen Pellet Tester where 100-gram pelleted samples are subjected to airflow within a perforated chamber for 30
seconds. The assay was determined on the evening that each treatment was manufactured.
a-d
Means within a column not sharing a common superscript differ significantly (P<0.05). Lowercase superscripts indicate P ≤ 0.05. Uppercase letters indicate
P ≤ 0.01 or less.
N=16 for Production rate (MT/hr and kg/min) and Hot pellet temperature.
N=12 for Pellet quality.
2
3
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Figure 1. 50,000-scanning electron microscope of Azomite (AZM) feed grit with an FEI
Apreo SEM.

.
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Figure 2. Low-magnification (250x) secondary electron images of tricalcium phosphate (TCP, A)
and dicalcium phosphate (DCP, B) particles with an FEI Apreo SEM.

B

A
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SUMMARY
The use of inorganic phosphate sources (IPS) has been in decline, prompting feed manufacturers
to utilize ingredients to maintain production rate benefits from pellet die channel scouring and
lubrication. Past research has shown that AZOMITE® (AZM) can be supplemented in diets to
improve production rate, reduce motor load, and decrease electrical use of the pellet mill. AZM
is composed of a fine and coarse fraction, but the mechanism of how each enacts its effect at the
pellet die has not yet been determined. The objective was to assess the response of AZM and its
two fractions in a corn, soybean, and dried distillers grains with solubles (DDGS)-based diet on
pellet mill production rate, hot pellet temperature, and pellet quality. One basal diet (control) was
either supplemented with AZM or each of its corresponding fractions, manufactured in a Latin
Square with a crossover design across 4 days. Data were analyzed in a mixed-model analysis
using the GLIMMIX procedure of SAS with alpha set at P ≤ 0.05. Average ambient temperature
and humidity were 27°C and 67%, respectively. In support of previous research, the inclusion of
AZM increased production rate by 7% when added to the basal diet (0.999 vs. 0.935 MT/h;
AZM vs. Control, respectively; P=0.005). The combination of both fractions likely contributes
both a lubricating and pellet die scouring effects, increasing production rate more than either
single fraction (0.999 vs. 0.953; AZM vs. Fine; P=0.063; 0.999 vs. 0.951; AZM vs. Coarse;
P=0.045; 0.953 vs. 0.951; Fine vs. Coarse; P=0.999). The addition of the fine fraction increased
pellet quality (90.32% vs. 87.85%; Fine vs. Control; 90.32% vs. 88.31%; Fine vs. Coarse;
90.32% vs. 88.82%; Fine vs. AZM, respectively; P<0.001), likely due to clay-like particles
retaining more moisture and acting as a pellet binder. These results show that AZM’s fractions
work synergistically to improve the production rate.
Key words: feed manufacture, tuff breccia, AZOMITE®, production rate, throughput
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DESCRIPTION OF PROBLEM
In commercial poultry feed, the use of inorganic phosphate sources (IPS) has declined in
recent years. This decline can be associated with expense, use of exogenous phytases, and
decreased safety margins of dietary phosphorus for reduced environmental impact (Boltz et al.,
2021). IPS are known for their abrasive properties that can scour the pellet die and affect feed mill
production rate, energy usage at the pellet mill, or both (Behnke, 1981). Inorganic phosphorus in
the diet scours the pellet die, removing residual feed adhered to the inner die surface, such as builtup gelatinized starch and denatured proteins (Behnke, 2007). Past literature has shown that corn
and soybean meal-based diets containing tricalcium phosphate (TCP) can increase production rate
12% relative to corn and soybean meal-based diets containing dicalcium phosphate (DCP) (Boltz
et al., 2021). Inclusion of TCP at 2% in a corn and soybean meal-based diet decreased pellet mill
relative electrical energy usage by 11% when compared to diets containing the same inclusion of
DCP (Wamsley et al., 2012). Bowen and coauthors (2022) demonstrated that inclusion of TCP
provided a 5% decrease in motor load compared to DCP diets. These same authors observed a 1%
decrease in motor load in DCP and TCP diets when AZOMITE ® (AZM) was added into the diet
(Bowen et al., 2022).
Decreased use of IPS leaves opportunity for feed manufactures to include novel products
in their diets. One product that has die scouring potential is AZOMITE ® (AZOMITE Mineral
Products, Nephi, UT). AZM is a dacitic tuff breccia classified as a hydrated sodium calcium
aluminosilicate that is utilized in feed mills for anticaking. It is utilized across the United States
for this purpose, but its efficacy has been reported in the field for diets that are difficult to pellet.
AZM can be separated into two fractions, fine and coarse, which each are thought to
provide different effects at the pellet die. First, the fine fraction clay-like particles interact with
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moisture to provide a lubricating effect in the pellet die channel, allowing for improved production
rates. When moisture is added to sheet structure minerals it has been shown to decrease friction
between other minerals in the sheet structures resulting in additional lubrication and production
rate (Moore and Lockner, 2004). Second, the coarse fraction is composed of non-clay particles
that are hypothesized to have hardness and angularly that allows for scouring of the pellet die,
similar to the proprieties commonly associated with TCP. The clay-like particles associated with
the fine fraction may also act as a toxin and pellet binder, as various types of clays have been
incorporated into animal feed to act as toxin binders for swine and broilers, and as a pellet binder
(Kubena et al., 1998; Phillips, 1999; Bailey et al., 2006; Zhang et al., 2015).
Past literature has shown that the supplementation of AZM can improve amino acid
digestibility, bird performance and feed mill efficiency. Bowen and coauthors (2022) found that
inclusion of AZM in DCP diets improved apparent ileal amino acid digestibility of cysteine and
tended to increase ileal digestibility of valine, isoleucine, and lysine. Post-molt hens fed diets
containing AZM demonstrated improved feed conversion and ileum digestibility (Malheiros et al.,
2018). Malheriros et al. (2018) also found that from week 84 to 85, hens fed AZM had increased
egg production compared to hens in the control group. When AZM was fed to chicks from 0-21d,
feed conversion ratio was improved (Jones and Davis, 2018). Boltz and coauthors (2021)
demonstrated that including AZM in DCP and TCP diets can increase production rate by 6 and
8%, respectively. Tillman and coauthors (2020) found that the inclusion of AZM to diets
containing dried distillers grains with solubles (DDGS) and meat and bone meal improved
production rate by 6%. Jones et al. (2022) demonstrated there was potential for AZM to improve
production rate when DDGS inclusion ranged from 4 to 12%.
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The objective of the present study was to assess the response of fine and coarse fractions
of AZM separately and in combination in a corn, soybean, and DDGS-based diet on pellet mill
production rate, hot pellet temperature, and pellet quality.
MATERIALS AND METHODS
Diet Formulation and Batching
A corn and soybean meal-based diets with DDGS was formulated using recommendations
for amino acids in broiler finisher diets from Tillman and Dozier (2013) and was similar to DCP
formulations of Boltz et al. (2021) (Table 1). The analyzed values for proximate analysis of each
experimental diet can be found in Table 2.
Four diets were utilized in this experiment: a control, control with 0.02% fine fraction (FF),
control with 0.23% coarse faction (CF), and control with 0.25% AZM. The obtain the fractions,
feed grade AZM was separated into four aliquots of 18 kg and placed in 19-liter plastic buckets.
Deionized water was then added to a point 12 cm above the solids in each bucket, and the mixture
was stirred vigorously for several minutes to suspend fine-grained material. The suspensions were
allowed to settle for 1 hour, after which they were poured off into stainless steel pans and dried in
an oven set to 95°C. This procedure (addition of water, stirring, settling, and drying) was repeated
5-6 times per aliquot. The remaining CF was then moved to a stainless-steel pan and dried at 95°C.
After drying, the coarse and fine solid fractions were collected and subjected to gentle
disaggregation of dried clumps. Both fractions were thoroughly mixed and weighed.
Five grams each of the whole sample and both size fractions were ground in a mortar and
pestle until they could pass through a 250 μm sieve, and then spiked with 1.25 g 99.9% Al2O3
powder (American Elements, Los Angeles, CA, product ID AL-OX-03-P) as an internal standard.
The mixtures were then ground for 5 min. in 1.5 g aliquots with 4 mL ethanol in an XRD mill
(McCrone, Westmont, IL, USA), using zirconium oxide ceramic grinding elements. After each
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batch, the grinding chamber was run twice for 30 s with 15 mL ethanol to remove any remaining
material. The clay-ethanol slurry was then fed through an airbrush into a 135°C furnace (James
Hutton Institute, Scotland, UK) to ensure random orientation of the mineral particles.
The Al2O3-spiked, wet-milled, and spray-dried samples were then run in a Rigaku (Tokyo,
Japan) MiniFlex 600 powder X-ray diffractometer to obtain diffraction patterns. Quantitative
phase analysis of the XRPD patterns was done with the RockJockML full-pattern fitting program
(B. R. Bickmore, Brigham Young University, Provo, UT, USA).
Four master-batches of each treatment were initially batched and mixed. A portion of corn
was not included when master batches were created to allow for AZM or AZM fraction additions
prior to pelleting. Master batches were weighed into 23 kg bags and allocated equally to treatment
and day of manufacture until 872 kg of experimental diet was on a pallet. Depending on
experimental diet, either ground corn, FF + ground corn, CF + ground corn, or AZM were mixed
into a portion of a 23 kg bag using a Univex paddle mixer for 5 minutes (Univex Floor Paddler
Mixer, Model: M12B, Univex Corporation, Salem, NH) prior to addition to diets in a one-ton,
vertical screw Easy Automation Inc. Modular Feed Processor (Easy Automation Inc., Welcome,
MN). Soybean oil was added at a 1% inclusion rate at the mixer to mimic industry practice of
adding a portion of oil/fat pre pelleting.
Mixer Coefficient of Variation (CV) was examined using Micro-tracers® (MicroTracers, San Francisco, CA) to assess mixer capability. Each batch of FF had 181 g of Microtracer added and was then was mixed for 10 min in a 1-ton, vertical, single-screw Easy
Automation Inc. Modular Feed Processor (Easy Automation Inc., Welcome, MN). Ten 500 g
samples were collected during conveyance from the mixer to the sack-off bin for analysis.
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Samples were analyzed for Micro-tracers using methods previously reported by Clark et al.
(2007). The CV was calculated using a free program provided on the Micro-Tracer website.
Feed Manufacture
All feed was pelleted at the West Virginia University (WVU) pilot feed mill located in
Morgantown, West Virginia during July 2021 over a 4-day period. Days for pelleting were chosen
to have similar ambient temperatures of 27°C ± 3°C to reduce variation during pelleting. This
followed the methodologies of Boltz et al. 2021 and Bowen et al. 2022 to eliminate confounding
error during the study. Feed was manufactured in a Latin Square Design with a crossover, allowing
for each treatment to be manufactured at a different position in the pelleting order within day. A
California Pellet Mill (CPM) conditioner, CPM hygieniser, 40 HP pellet mill (Master Model Pellet
Mill, CPM, Crawfordsville, IN), and 4.7 x 38mm CPM pellet die was utilized. Steam pressure was
throttled to 276 kPa prior to the Masoneilan Valve and entrance to the conditioner. Pellet mill
motor load was kept constant between 38 to 40% for all treatments and days of manufacture. For
this experiment, the hygieniser was not activated; therefore, no heated retention of feed occurred.
However, feed still passed through the hygieniser; as there is no bypass within this feed
manufacture system. After a target temperature of 80°C was achieved for each treatment, the pellet
mill motor load was monitored using a Beta Raven programmable logic control system (PLC,
120V #10113354; Beta Raven Automation Solutions, St. Charles, MO).
Beginning each day of manufacture, the internal metal components of the WVU pelleting
system were warmed by pelleting 907 kg of a high fiber formulation ruminant diet. The high fiber
content heated the steel housing of the mill system and generated friction in the pellet die without
necessitating a high volume of warm-up feed. In-between treatments, 907 kg of the same high fiber
diet was pelleted to allow every treatment an equal opportunity to scour residual ruminant diet
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from the pellet die channels. Post warming and based on the Latin Square Design, experimental
mash treatments were conveyed to the surge bin above the pelleting system. While being conveyed
to the surge bin, 10 mash feed samples were obtained for nutrient analysis. The feed auger rate
from the surge bin to the conditioner was gradually increased while simultaneously increasing the
opening of the Masoneilan steam valve. All treatments were conditioned at 80˚C for 30 seconds at
a standardized 38 to 40% pellet mill motor load. The system was set to produce pellets at a rate of
0.91 metric ton per hour production rate (MT/hr). Feed auger rate was maximized to produce the
highest production rate that maintained 80˚C conditioning temperature at 38 to 40% pellet mill
motor load.
Five hundred grams of pelleted sample for each treatment were taken immediately after
pellet die extrusion and placed on cheesecloth covering a large agricultural fan (CountyLine Direct
Drive Drum Fan, Huntington Station, NY). This fan pulled ambient air across the pellets for a
standardized time of 12 minutes to allow the pellets to cool and dry. This follows methodologies
from Reese et al. (2017) that limits potential nutrient segregation effects of sampling post pellet
auguring. One kilogram of pelleted sample was collected from the cooler deck to determine pellet
quality of each treatment. Throughout the run of each treatment, a portion of the pelleted sample
was assayed for hot pellet temperature 4 times by using an insulated container to catch pellets,
immediately closing the lid, and inserting an 80PK-24 temperature probe attached to a
thermocouple (Fluke 51 II, Everette, WA). In addition, production rate was measured directly
from the pellet die 4 times throughout the run by collecting pellets post die extrusion for 60 seconds
and weighing the collected pellets.
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Pellet Quality Analysis
Pellet quality was determined on the day of manufacture utilizing a New Holmen Pellet
Tester (New Holmen Portable Pellet Durability Tester, Lignotech USA Inc., Rothschild, WI). All
pelleted samples from each treatment were sifted using a No. 5 W.S. Tyler testing sieve (U.S.A
Standard Test Sieve. No. 5. W.S. Tyler. Mentor, OH). One hundred-gram samples of sifted pellets
were placed in the New Holmen Pellet Tester perforated chamber, where forced air was applied
for 30 seconds, and remaining pellets were weighed and recorded as a percentage. Pellet quality
analyses were conducted in triplicate for each treatment, and results reflect average pellet quality.
Statistical Analysis
Variables were analyzed in a Latin Square Design with crossover across 4 manufacturing
days with complete blocks in each day. The experimental unit consisted of one 872 kg batch of
feed. Blocking criteria for feed manufacture was the day of manufacture and each treatment was
manufactured at a different position in the pelleting order within a day (RUNID). Random effects
of RUNID, sample replicate, day, and replicate within RUNID for each variable using repeated
measures across days was considered. Data were analyzed in a mixed model analysis using the
GLIMMIX procedure of SAS (The SAS System for Windows 2017 Release 9.4, SAS Inst. Inc.,
Cary, NC) with alpha set at P≤0.05 and a trend defined at P≤0.10. Linear contrasts were examined
for treatment comparison of interest.
RESULTS AND DISCUSSION
The CV conducted on each batch of FF demonstrated slight variation, ranging from 14.9
to 16.7% (Table 3). Past research from our lab has demonstrated the CV of the mixer utilized in
this study to be 9.97% (Ayres et al., 2021). The discrepancies between the observed and past mixer
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CV could be due to improper sampling during conveyance (sampling more at the beginning or end
of conveyance) or to due to lab errors during analysis.
Feed manufacture and pellet quality data are presented in Table 4. Multiple comparison (P
=0.05) and linear contrast (0.999 versus 0.935 MT/h; P = 0.004) highlighted that the inclusion of
AZM at 0.25% of the diet increased MT/hr. when compared to the other experimental treatments.
The observed increase for the AZM was 7% when compared to the control diet, which is
comparable to past work by Boltz et al. (2021) who found a 6% increase in production rate of DCP
diets containing AZM when compared to DCP control diet. Use of linear contrasts on treatments
of interest aided in further investigating the mechanism behind production rate increase. The AZM
diet demonstrated a production rate that differed from the observed for the diet containing the CF
by 5% (0.999 versus 0.951 MT/h; P=0.045). A trend towards increased MT/h production rate by
5% was also observed when comparing the AZM to the diet containing the FF (0.999 versus 0.953
MT/h; P=0.063). However, the FF and CF were not different from the control (P>0.05). The
observed increase in the production rate of the AZM diet appears to be due to the combined effect
of the FF and CF enacting their effects in the pellet die channels.
AZM has been speculated to provide two benefits at the pellet die: additional lubrication
from moisture retention and reduced friction between other AZM mineral particles from the FF
and a scouring benefit similar to TCP from the CF. These results agree with past literature, which
demonstrated that the inclusion of AZM increased the production rate of feed containing DCP and
TCP (Tillman et al., 2020, Boltz et al., 2021, Bowen et al., 2022). The lubricating effect of the FF
acting with the angularity of the CF in the AZM diet provided more of a production rate benefit
than only one of the fractions acting on its own. The observed trend in production rate between the
AZM and FF diets can be associated with the additional angularity of the CF within the whole
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AZM providing additional pellet die scouring as well as lubrication from the FF. These results
demonstrate that the FF by itself does not significantly increase production rate compared to AZM
like the CF by itself. The smaller inclusion of the FF at 0.02% versus the CF at 0.23%, provided
less material to aid in increasing the production rate through additional lubrication from additional
moisture retention compared to the larger amount of harder, more angular particles.
Past studies have demonstrated that inclusion of clays, such as palygorskite, into feed can
increase starch gelatinization, which may be due to clay’s high absorption and adsorption capacity
for moisture (Thomas et al., 1998; Zhang et al., 2015). It is thought that an additional 1% of
moisture is added for every 14°C increase in conditioned mash temperature (Anon, 1984). In the
current study, the ambient temperature averaged 27°C, and mash temperature in the pellet mill
surge bin prior to conditioning averaged 31°C. Therefore, conditioning to the goal temperature of
80°C would provide an estimated moisture addition of 3.5%. The high moisture holding capacity
of the clay-like particles and additional moisture during feed manufacture likely resulted in more
moisture being retained and providing extra lubrication at the pellet die to increase production rate
(Moritz et al., 2003; Zhang et al., 2015). This additional retained moisture may also interact with
the sheet structure of the minerals in AZM. This would result in decreased friction between other
minerals in the sheet structures of AZM, increasing production rate with more lubrication at the
pellet die (Moore and Lockner, 2004). Likely the CF enacted its effect by scouring the die
channels, similar to the concept of using TCP in attempted scouring, to increase production rates
(Behnke, 2007, Wamsley et al., 2012). These two properties work synergistically in AZM to
provide the production rate benefit that has been observed.
Addition of the FF increased pellet quality (P<0.001) compared to the other experimental
treatments. This increase in pellet quality may be associated with the clay-like particles in the FF
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acting as a pellet binder in the feed. Contrasts among treatments demonstrated diets containing the
FF increased pellet quality relative to the control diet by 2.5% (90.32 versus 87.85%; P <0.001);
relative to the AZM diet by 1.5% (90.32 versus 88.82%; P = 0.013); and relative to the CF by 2%
(90.32 versus 88.31%; P<0.001). This small increase of 2.5% in pellet quality would likely not
significantly increase bird performance compared to other diets (Moritz, 2021). Moritz (2021)
stated that an increase of 10 percentage points in pellet quality can have a 1.5 percentage point
improvement in feed conversion ratio.
Research utilizing different sources of clay, such as sodium bentonite, sepiolite and
palygorskite, in poultry diets have determined that these materials can act as a pellet binder and
increase pellet hardness (Hollister and Kienholz, 1980; Angulo et al., 1995; Xia et al., 2004; Pappas
et al., 2010; Zhang et al., 2015; Abbasi Pour et al., 2021). Abadi et al. (2019) found that inclusion
of 3% pellet binder (2% bentonite and 1% sugar beet molasses), improved pellet quality by 2 %
when compared to diets without the pellet binder mixture. Tabil et al. (1997) found inclusion of
bentonite when pelleting low quality alfalfa improved pellet durability by 24% when compared to
alfalfa pellets produced with no binder inclusion. Recent work by Abbasi Pour et al. (2021)
demonstrated that grower diets conditioned at 70°C for two minutes with a 15% sodium bentonite
inclusion demonstrated a 9% increase in pellet quality relative to the diet with no sodium bentonite
inclusion. Past research utilizing sepiolite, a silicate clay, demonstrated an increase in pellet quality
of swine and rabbit feed, regardless of fat inclusion at either a 0.5 or 4% (Angulo et al., 1995).
Angulo et al. (1996) found inclusion of 1% sepiolite to starter diets increased pellet durability by
5% when compared to diets without sepiolite inclusion.
Addition of AZM or its fractions did not impact hot pellet temperature (P=0.722) in the
current study. These results agree with Boltz et al. (2021) who also did not observe a significant
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increase in hot pellet temperature in DCP or TCP diets with or without AZM inclusion.
Conversely, Bowen et al. (2022) found that hot pellet temperature did significantly increase when
AZM was added to TCP diets, but DCP diets with AZM were unaffected. These authors speculated
that TCP diets without AZM may have generated more friction between the inner and outer surface
of the pellet, increasing pellet temperature and motor load (Bowen et al., 2022). When TCP diets
included AZM, motor load was observed to decrease, resulting in less pressure exerted on the feed
at the pellet die (Bowen et al., 2022). This decrease in pressure may result in decreased
conformational changes in protein and amino acids which in turn could aid in maintaining protein
digestibility (Boroojeni et al., 2016; Bowen et al., 2022).
CONCLUSIONS AND APPLICATIONS
1. In support of past literature, inclusion of 0.25% AZM to a DCP control diet yielded in
a 7% increase in production rate relative to the DCP control diet.
2. Neither fraction of AZM yielded a significant increase in production rate over the other
or control, demonstrating the production rate increase provided can be attributed to
both fractions working in combination.
3. Inclusion of the FF of AZM significantly increased pellet quality compared to other
experimental diets; however, the largest increase in pellet quality of 2.5% relative to
the DCP control diet would likely not impact bird performance.
4. Based on results from this study it can be speculated that the FF provides additional
lubrication due to reducing surface friction between AZM particles and or retention of
additional moisture from steam conditioning adding lubrication at the die. Due to its
irregular angular structure; the CF likely provides additional pellet die channel
scouring, similar to TCP.
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TABLES AND FIGURES
Table 1. Broiler finisher formulations for diets containing DCP (% diet).
Ingredients
Corn
Soybean meal (46%)
Corn DDGS
Soybean oil – only 1% added at the mixer
DCP
Limestone
Salt
DL - methionine
Vitamin/mineral premix1
Lysine - HCl
L - Threonine
Sodium bicarbonate
AZM product/filler space

Diet
53.70
32.97
5.00
4.82
1.70
0.74
0.27
0.19
0.25
0.008
0.003
0.10
0.25

Calculated Nutrient Values (%)2

ME (kcal/kg)
Crude Protein
Dig Lysine
Dig TSAA
Dig Methionine
Dig Threonine
Dig Tryptophan
Calcium
Non-phytate Phosphorus
Sodium

3122
19.55
1.00
0.77
0.49
0.68
0.22
0.76
0.38
0.17

1

Supplied the following per kilogram of diet: manganese, 0.02%; zinc, 0.02%; iron, 0.01%; copper, 0.0025%; iodine, 0.0003%;
selenium, 0.00003%; folic acid, 0.69 mg; choline, 386 mg; riboflavin, 6.61 mg; biotin, 0.03 mg; vitamin B6, 1.38 mg; niacin,
27.56 mg; pantothenic acid, 6.61 mg; thiamine, 2.20 mg; menadione, 0.83 mg; vitamin B12, 0.01 mg; vitamin E, 16.53 IU;
vitamin D3, 2,133 ICU; vitamin A, 7,716 IU.
2
Metabolizable Energy and Available Phosphorus were based on Agristat values as suggested by M. Donohue. 2013.
The Challenges in Feeding Broilers in Times of High and Volatile Feed Ingredient Costs: How to Cover the Costs?.
2013 Mid- Atlantic Nutrition Conference proceedings. A 2.2 ratio was maintained for Ca to AP.
Digestible amino acids were based on the digestible lysine value (1.2%) suggested by P. B. Tillman and W.A. Dozier. 2013.
Current Amino Acid Considerations for Broilers: Requirements, Ratios, Economics. www.thepoultryfederation.com for 8 –
14-day broilers. Digestible amino acid to digestible lysine ratios followed further minimum recommendations of this
communication (0.54 methionine, 0.90 TSAA, 0.84 threonine, 0.19 tryptophan).
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Table 2. Diet analysis for crude protein, moisture, crude fat, crude fiber, ash, neutral detergent
fiber, acid detergent fiber, calcium, and phosphorus for Control, AZM, FF, and CF diets.
Crude Moisture2 Crude Crude Ash5 Neutral
Acid
Calcium8 Phosphorus9
Protein1
(%)
Fat3 Fiber4 (%) Detergent Detergent
(%)
(%)
(%)
(%)
(%)
Fiber6
Fiber7
(%)
(%)
DCP control
21.56
11.63
2.57
2.50 5.28
8.47
4.13
0.869
0.750
AZM
21.79
11.73
2.09
2.79 5.04
9.08
4.64
0.884
0.748
Fine
21.65
11.90
2.37
2.74 4.95
12.3
4.42
0.750
0.724
Coarse
20.60
11.86
2.33
2.68 5.05
9.24
4.39
0.853
0.870
1.Crude protein was determined using the traditional Kjeldahl method (AOAC Official Method 984.13).
2. Moisture was determined by freeze-drying method (AOAC Official Method 934.01).
3. Crude fat was determined using petroleum ether in a Soxhlet apparatus method (AOAC Official
Method 920.39).
4. Crude fiber was determined by extracting fiber residue to be weighed, then was ignited and reweighed
to calculate the loss on ignition of residue (AOAC Official Method 973.18).
5. Ash was determined by heating sample for 2 h at 600°C (AOCS Official Method Ba 5b-68).
6. Neutral Detergent Fiber was determined using Holst Filtration Apparatus method (JAOAC 56, 13521356).
7. Acid Detergent Fiber was determined by reflux apparatus method (AOAC Official Method 973.18).
8. Total calcium was determined by atomic absorption spectroscopy (AOAC Method 968.08).
9. Total phosphorus was determined by colorimetric spectroscopy (AOAC Method 965.17).
Diet

Table 3. CV determination1 using Micro-Tracers in Fine Fraction diets after mixing and
conveyance for each day of manufacture.
Day of Manufacture
1
2
3
4
Average

% CV
16.6
14.9
15.3
15.7
15.6

1

Ten 500-g samples from each Micro-Tracer containing batch of Fine Fraction diets were
collected as the mixer contents were transferred into a surge bin located above the pellet mill.
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Table 4. The effect of AZM and its fractions relative to a control on feed manufacture variables
and pellet quality.
Diet (inclusion %)

Production
Rate
(MT/hr.)

Hot Pellet
Temperature1
(°C)

New Holmen Pellet
Tester2
(%)

Control
AZM
Fine
Coarse

0.935b
0.999a
0.953b
0.951b

83.79
83.73
83.65
83.88

87.85b
88.82b
90.32a
88.31b

P-Value
SEM 3

0.005
0.722
0.0126
0.143
Contrast Probability Values 4

<0.001
0.330

0.004
0.745
0.820
0.063
0.045
0.999

0.173
<0.001
0.764
0.013
0.684
<0.001

Control vs. AZM
Control vs. Fine
Control vs. Coarse
AZM vs. Fine
AZM vs. Coarse
Fine vs. Coarse

0.989
0.892
0.977
0.977
0.892
0.682

1

Hot pellet temperature was determined on pellets directly following extrusion from the die. Pellets were
collected into an insulated container and temperature was measured using a thermocouple thermometer
and an 80PK-24 temperature probe.
2
Pellet quality was measured using the New Holmen Pellet Tester where 100-gram pelleted samples are
subjected to air flow within a perforated chamber for 30 seconds.
3
SEM: Pooled Standard Error of the Mean.
4
P-values are adjusted using the Tukey-Kramer method at P <0.05.
All feed was manufactured at the West Virginia University pilot feed mill. Feed was conditioned for 30
seconds before being pelleting using a 40 horsepower California Pellet Mill and extruded through a 4.8 x
38 mm pellet die.
Feed was manufactured July 6, 8, 12, and 15, 2021. Temperature ranged from 21 to 31°C over the fourday period, with an average temperature of 27°C. Humidity ranged from 51 to 89% over the four-day
period, with an average humidity level of 67%.
Goal pellet mill motor load was 40%, and ranged throughout runs between 39 and 43%. To maintain the
desired motor load, the Masoneilan valve and feeder rate into the conditioner were adjusted accordingly.
a-b
Means within a column not sharing a common superscript differ significantly (P≤0.05).
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Figure 1. 5,000 magnitude - scanning electron microscope of (A) 0.02% FF, (B) 0.23% CF, (C)
0.25% AZM in pelleted feed.
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SUMMARY
Feed hygienics are of increasing concern for poultry producers. This project included two studies
to investigate kinetic parameters for inactivation of Salmonella Typhimurium in mash broiler feed
heated at various temperatures. In study 1, 2- and 5-gram feed samples, contained in a sample bag,
were inoculated with S. Typhimurium and submerged in a water bath heated to 90°C until internal
temperatures of 75°, 80°, and 85°C were reached. In study 2, 2-gram samples were inoculated with
S. Typhimurium and submerged into a water bath set at 75°, 80°, 85°, 90°, and 95°C heated for 0
to 180s. Feed sample and water bath temperature were monitored by thermocouples.
Thermocouple data demonstrated 2- and 5-gram samples achieved a 5-log reduction of S.
Typhimurium when internal temperature of feed reached 80°C and 85°C, respectively. D-values
for linear and Weibull models were calculated for the 5 temperatures. D-values of the linear model
were 6.70, 8.83, 12.05, 13.91, and 24.40s, and D-values for the Weibull model were 2.27, 3.67,
3.95, 4.68, and 7.63s when heated to 95°, 90°, 85°, 80°, and 75°C. Individual temperature datasets
were further analyzed using GinaFit software. As heating temperature decreased, Double-Weibull
and Biphasic models fit all the thermal data, indicating that Salmonella could have generated two
subpopulations with different thermo-resistance. Similar to other thermal inactivation models, this
study demonstrates that linear, Weibull, Double-Weibull, and Biphasic models could be used to
predict thermal inactivation of Salmonella in mash broiler feed. These data may contribute to
establishing feed mill microbiological safety standards and reducing Salmonella contamination in
feed.

Key words: Salmonella, Feed, Thermal Inactivation, Feed Manufacture, Feed Microbiology
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DESCRIPTION OF PROBLEM
Signing of the Food Safety Modernization Act (FSMA) into law added a component of
preventive controls to prevent foodborne pathogen outbreaks. These preventative controls use
science-based preventative measures as described in the section titled “Preventive Control for
Human Food”. The U.S.-Centers for Disease Control and Prevention (U.S.-CDC) estimate that
each year in the United States, there are around 1.35 million cases of salmonellosis, including
26,500 hospitalizations and 420 deaths (2020). Salmonella is a Gram-negative, rod shaped, nonendospore forming, facultative foodborne pathogen that is commonly isolated from poultry
products (U.S.-CDC, 2020). Poultry products are the number one food category related to
outbreaks based on surveillance data published by the CDC in December 2020 (U.S.-CDC, 2020).
Not only is Salmonella a hazard in foods for human consumption but is also a major microbial
hazard in manufactured animal feeds; as it is difficult to control Salmonella in raw feed ingredients
(Jones, 2011). If Salmonella contaminated feed is fed to broiler chickens, birds could become
infected resulting in the potential for contamination of processing equipment, leading to
contaminated chicken products reaching consumers (Jones, 2011).
Numerous serotypes of Salmonella spp. have been isolated from feed mills, with
Braenderup, Orion, Heidelberg, Infantis, Tennessee, and Kentucky being detected previously
(Shariat et al., 2020). Previous studies demonstrated that Salmonella in feed and ingredients is
present in levels averaging <20 CFU/100g, where levels of >10 3 CFU/100 g may occasionally be
detected in the feed mill environment (Patterson, 1971; Franco, 2005). Contamination of
Salmonella in feed lacks uniformity, often requiring hundreds of samples to assess feed
contamination levels to reach accurate conclusions (Jones and Richardson, 2004). Salmonella’s
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ability to survive in dry environments allows for it to remain in feed mills for extended periods of
time, increasing chances of cross-contaminating into future batches of feed (Jones, 2011).
The lack of accepted recommendations for pelleting and industry microbial safety
standards could possibly allow for pathogen contaminated feed to be produced (Cutlip et al., 2008).
Previous research investigating the use of differing steam conditioning temperatures, conditioning
times, antimicrobial inclusion, and feed mill equipment have shown promise for reducing the
bacterial load of pelleted poultry feed (Boney et al., 2018; Boltz et al., 2019). However, limited
studies have focused on modeling of microbial inactivation and estimating the D- and z-values for
poultry feed during heat treatment to accurately predict Salmonella thermal inactivation. Water
activity (Aw) must also be taken into consideration during the feed manufacture process. Low Aw
is associated with pelleted poultry feed, which suppresses growth of Salmonella, but does not
eliminate its presence and capability to survive (Aviles et al., 2012). Application of existing models
to predict pathogen inactivation in poultry feed may facilitate development of industry standards
for microbial feed safety.
The main objective of the current study was to determine a suitable microbial inactivation
model for prediction of Salmonella thermal inactivation in mash broiler feed. Specific objectives
were to determine (1) temperature profiles for 2- and 5-gram samples of mash broiler feed, and (2)
thermal inactivation of Salmonella in 2-gram samples of mash broiler feed under various
temperatures over three minutes.
MATERIALS AND METHODS
Feed Manufacture, Water Activity, Moisture, and Total Aerobic Bacteria
All mash feed used in this study was batched at the West Virginia University (WVU) pilot
feed mill located in Morgantown, WV. A corn and soybean-based diet was formulated to meet the
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needs of broilers in the finisher phase. Mash feed was collected in sterile WhirlPak ® sample bag
(23 × 15 cm, Nasco, Modesto, CA) and stored at -7°C until physicochemical analyses and
microbial thermal inactivation were performed.
Water activity (Aw) was of examined directly (dry) or with addition of 0.5 mL tryptic soy
broth (TSB) (BD Biosciences, San Jose, CA) mixed into the feed thoroughly to make a shaminoculated feed sample. Six dry and sham-inoculated samples were analyzed using an AquaLab
4TE Aw meter (Decagon Devices, Pullman, WA). Aw data is reported as average values of six
samples. Sample cups were filled with enough mash feed to cover the bottom before placing into
the calibrated Aw meter with a 0.760 Aw standard.
Moisture content was determined for dry and sham-inoculated samples. Aluminum weigh
pans were placed into an isotherm oven (Fisher Scientific, Hampton, NH) set at 105°C for 5 hours
before being taken out and placed into a desiccator for half an hour before adding mash samples.
Six dry and 6 sham-inoculated, 2-gram feed samples were placed into the oven to dry for 16 hours.
At the end of the 16-hour drying period, samples were removed and placed into a desiccator again
for half an hour before being weighed for moisture loss. Percent moisture was calculated as (weight
before drying

– weight after drying)/weight before drying × 100%.

Total aerobic bacteria were determined by weighing 2-grams of feed that were placed into
sterile filter WhirlPak® sample bags (18 × 9.5 cm, Nasco, Modesto, CA). Ten mL of refrigerated
TSB was added to each bag and then homogenized in a stomacher set at 8 strokes per second
(Microbiology International, Frederick, MD) for 1 minute. After homogenization, serial dilutions
were spread-plated onto tryptic soy agar (TSA) (BD Biosciences, San Jose, CA) and xylose-lysineTergitol-4 (XLT-4) (Hardy Diagnostics, MD) followed by incubating at 35°C for 24 h and
manually counting the colonies. Total aerobic bacteria were performed in triplicate samples.
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Preparation of Inoculum
Salmonella enterica subsp. enterica ser. Typhimurium American Type Culture Collection
(ATCC) 14028, donated by Dr. Joshua Gurtler (USDA-ARS, Wyndmoor, PA), was utilized in
this study. Frozen stock cultures were streak-plated onto XLT-4 agar followed by incubation at
35°C for 36 h to produce pure cultures, represented by black colonies with red center. Single
colonies from the XLT-4 agar were cultured and sub-cultured in 10 mL of TSB at 35°C for 24h.
This produced an inoculation level of 8 log CFU/g when 0.5 mL of inoculum was applied to 2- or
5-gram feed samples, which was confirmed by spread-plating onto XLT-4 agar. Samples from
uninoculated feed below detection limit were further confirmed to have no Salmonella using
modified U.S. Food and Drug Bacteriological Analytical Manual (FDA-BAM) methods (Li et al.,
2018).
Thermocouple and Thermal Inactivation Modeling of Mash Broiler Feed
Before any thermal experiments were conducted, an isotherm circulating water bath (Fisher
Scientific, Hampton, NH) was turned on and allowed to reach desired temperature. Water
temperature was monitored using the display on the water bath and with an 80PK-24 temperature
probe attached to a thermocouple (Fluke 51 II, Everette, WA) to ensure target temperature was
being maintained throughout thermal experiments. The water bath was set at 90°C to determine
internal temperature profiles and at 75°C, 80°C, 85°C, 90°C, and 95°C for thermal inactivation
studies.
Two-gram feed samples were weighed out and placed into filtered 18 × 9.5 cm WhirlPak ®
bags. Inoculum (0.5 mL) was added to the WhirlPak® bags, followed by a 30-second hand mixing
to ensure uniform distribution of bacteria in the feed. The WhirlPak ® bags were submerged into
the water bath. For temperature monitoring of the heated feed, a thermocouple probe was inserted
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into the geometric center of the feed sample bag. The internal temperature of the feed was
monitored and recorded using PicoLog software (Pico Technology Ltd., Cambridge, U.K.) with
temperatures automatically recorded at one second intervals. During thermal inactivation, samples
were submerged in the water bath with heating temperatures set at 75°C, 80°C, 85°C, 90°C, and
95°C for 0, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 120, 150, and 180 s, respectively. This design
was used to enumerate Salmonella and to determine thermal inactivation parameters including Dvalues, z-values, “tail time” and “shoulder time” for each temperature.
Microbiological Analyses
After heating, bags containing feed were removed from the water bath and immediately
placed into an ice bath, followed by adding 10 mL of refrigerated TSB. Samples were then
homogenized in a stomacher for one minute. The liquid solution from the filtered side of the
sample bags was then 10- or 100-fold serially diluted in 0.1% buffered peptone water (BPW)
(Oxoid Limited, Hampshire U.K). One tenth mL aliquots of serial dilutions were spread -plated
onto XLT-4 agar. After spread-plating, 12 mL of tempered, melted TSA was overlaid onto the
surface of each XLT-4 agar plate before incubation at 35°C for 24 h to recover heat injured cells.
After incubation, colonies were counted to determine survival of Salmonella. All bacterial counts
were converted to log10 CFU/g with a detection limit of 0.3 log10 CFU/g.
Data Modeling
The whole dataset was first modeled using USDA-IPMP-Global fit software (Huang 2017),
which includes classical log-linear and Weibull models. After that, each individual temperature
dataset was further analyzed using the GinaFit software (a freeware Add-in for Microsoft® Excel,
Geeraerd et al., 2005) which includes 6 bacterial survival equations (Linear, Linear with shoulder,
Linear with tail, Weibull, Double Weibull and Biphasic linear) as shown in Table 2. The fitness of
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each equation was evaluated using R2 and RMSE values (Geeraerd et al., 2005; López-Gálvez et
al., 2012; Li et al., 2018). In this study, major thermal inactivation kinetic parameters included in
the 6 models were “D-value” defined as the time required to kill 90% of the organism at a heating
temperature (Jay, 2005); “z-value” defined as the temperature change required for the D-value to
change by ten-fold (Jay, 2005); “shoulder” defined as time required before a log-linear decrease is
apparent (Geeraerd et al., 2005, Bevilacaua et al., 2015); and “tail” defined as a microbial
population remaining constant in time or, not undergoing any significant subsequent inactivation
(Geeraerd et al., 2005).
Statistical Analysis
This study was repeated 3 times, with 3 mash broiler feed samples per treatment per
replicate for a total of 9 samples for each treatment. Each experiment was conducted in a
completely randomized design in a 5 (heating set-up temperatures) × 12 (cooking time points)
factorial arrangement. The Mixed Model Procedure of SAS (version 9.2, SAS Institute, Cary,
NC) was used to analyze the survival population of Salmonella with the individual factors and
the interaction between them. The means were compared at the significant level of α= 0.05.
Thermal kinetic parameters of D-value, z-value, "shoulder-time" and “tail-time” for each cooking
treatment were calculated using GinaFit software (Geeraerd et al., 2015), and the United States
Department of Agriculture (USDA)-Global-Fit software according to the procedures described in
Huang (2014) and Huang (2017).
RESULTS AND DISCUSSION
The mean Aw for dry and sham-inoculated samples was 0.639 and 0.960, respectively.
Mean moisture for dry and sham-inoculated samples was 11% and 28%, respectively. These values
for mash feed Aw agree with previous work by Netto and coauthors (2019) who found mash Aw
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to be 0.620. The higher Aw and moisture observed in this study is likely attributed to the shaminoculated feed being directly measured for Aw and moisture with no drying period which
simulates a commercial feed mill environment. Moisture penetration was also likely greater in this
study due to the small volume of feed and the mixing of the sham-inoculum thoroughly into the
feed before analysis.
Mean log number of CFU of total aerobic bacteria of mash broiler feed on TSA agar yielded
a 3.8 ± 0.2 log CFU/g count. No Salmonella of uninoculated feed samples were detected on XLT4 agar plates. Feed manufacture equipment and feed ingredients were not sterilized before batching
of feed, allowing survival of total aerobic bacteria. The diet formulation utilized for the study had
a 4% inclusion of soybean oil. Previous study has shown that increasing the inclusion of fat can
have an influence on bacterial heat resistance (Line et al., 1991). Juneja and Eblen (2000) found
that increased lag times and lower D-values were observed for Salmonella Typhimurium
inoculated beef with greater fat content, suggesting that lag periods must be considered and
included in D-value calculations when determining the time required at a certain temperature to
achieve a specific reduction in Salmonella Typhimurium.
Figure 1 contains the temperature required at the geometric center of 2- and 5-gram broiler
feed samples to achieve a 5-log reduction. Figures 2-3 show the temperature profiles for each feed
sample heated to different target internal temperatures. Thermocouple data demonstrated that 5gram samples required longer heating times to reach internal temperatures of 75°, 80°, and 85°C
and required an internal temperature of 85°C to achieve a 5-log reduction in Salmonella. Fivegram samples heated to 85°C required almost double the time to achieve the same target internal
temperatures when compared to 2-gram samples. Increased internal temperature required to
achieve a 5-log reduction in the 5-gram sample is likely due to the increased feed volume. Heat
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penetration was slower with the increased volume of feed from 2- to 5-grams, requiring a higher
internal target temperature to inactive the pathogen inside the feed. Results indicate that 5-gram
samples required higher internal temperature to reach 5-log reductions than the 2-gram samples.
The internal temperature of the feed samples did not increase rapidly enough to kill bacterial cells
in the early stage of heating due of to the feed sample geometric composition. Therefore, 2-gram
and 5-gram feed samples were chosen in study 1 to test the impact of weight and volume of feed
samples increasing from 2- to 5- gram on the efficiency of heat transfer. Boltz and coauthors (2020)
found in a feed mill system that a faster conditioning time of 30 s vs 60 s resulted in a lower volume
of feed in the system allowing for great heat penetration and generated hotter pellets. This
information is valuable to feed manufactures as deeper heat penetration could aid in thermal
inactivation of pathogens in poultry feed.
The initial population of Salmonella ranged from 8.45 to 8.83 log CFU/g. Heating the
pathogen inoculated feed using the water bath at 95°, 90°, 85°, 80°, and 75°C reduced the cell
counts to 0.3, 1.42, 0.68, 0.82, and 1.65 log CFU/g (> 7.0 log CFU/g reduction) after 60, 70, 120,
120, and 180 s, respectively (Figure 4). It was observed that the reduction rate slowed down after
60 s heating at 75° to 90°C, indicating a “tail” effect with a less-heat susceptible subpopulation of
Salmonella. Studies of the thermal inactivation of Salmonella in poultry feed are very limited. An
early study of Liu et al. (1969) reported that heating starter feed at 73.9 oC in a water bath for 40
min reduced the inoculated Salmonella Senftenberg by approximately 4.5 log CFU/g. A recent
study from Steghöfer et al. (2020) found that conditioning broiler feed at 85°C for 30 s achieved
reductions of 1.9 to >5.3 log CFU/g for the 5 tested Salmonella serotypes. Hutchison et al. (2007)
found that heating cattle feed to 70°C for 20 or 120 s reduced the inoculated Escherichia coli
O157:H7 by approximately 1.3 to 2.2 log CFU/g. The variation in reduction of Salmonella in past
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and current research could be due to heating method (water bath vs. steam injection). Steam
transfers heat energy more efficiently than water due to latent heat, which could aid in reduction
of feed pathogens (Datt, 2011). The detailed thermal kinetics of Salmonella in mash broiler feed
are described in the following modeling section.
The USDA-Global-fit software including Mafart-Weibull and linear survival models
(Huang, 2017) were used in this study to calculate the D-values and z-value of Salmonella in mash
broiler feed heated at 5 different temperatures simultaneously. D-values according to the MafartWeibull model are presented in Table 1-A. The estimated mean values of exponents of the Weibull
model is 0.680 for all 5 temperatures, indicating that the thermal inactivation curves showing an
upward concavity with the residual cells adapted to the heat stress (Geeraerd et al., 2005; LópezGálvez et al., 2012). According to Table 1-B, the linear model estimated that the z-value is 42.1°C,
D-values increased from 6.70 to 24.40 s with heating temperature decreased from 95° to 75 oC, and
the overall Log(D0) was 3.10 s. D-values calculated in this study from Mafart-Weibull or linear
models are smaller than those reported by Amado et al. (2014) for Salmonella spp. in cattle feeds
heated at 55° to 65oC with D-values ranging from 12.6 s (0.21 min, 65oC) to 108 s (1.80 min,
55oC). The differences between these two results could be due to the higher heating temperatures
used in the current study compared to the previous study of Amado et al. (2014). However, the Dvalue of 85oC (3.95 s) of the current study are similar to the previous study of Steghöfer et al.
(2020), who found that the D-values of Salmonella Agona in 12% moisture broiler feeds was 3.1
s after heating at 85oC in a customized autoclave. The z-value of Salmonella in mash broiler feed
during thermal treatments has not been previously studied. In a similar study conducted with fresh
chicken litter samples, Kim et al. (2012) reported that z-values of Salmonella spp. at 70°, 75° and
80oC were 49.0°, 31.2°, and 30.2oC for 30, 40 and 50% moisture content.
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After the dataset was analyzed using USDA-Global-fit software, individual temperature
datasets were further analyzed using GinaFit software that includes the 6 bacterial survival
equations described in Table 2. The suitability of each equation was evaluated using the R 2 and
RMSE values (Geeraerd et al., 2005; López-Gálvez et al., 2012; Li et al., 2018). Corresponding to
the results from GlobalFit, the linear and Weibull model fit the data from heating temperatures as
showing smaller RMSE and close to 1.000 of R2 values. The “shoulder” impact did not appear for
most of the thermal kinetics data except for feed heated to 90 oC. In contrast, the “tail” effect was
observed in all data except for the 90oC. As heating temperatures decreased from 95° to 75 oC,
Double-Weibull, Biphasic and Biphasic with shoulder models fit all the thermal data from 90° to
75oC, indicating that the thermal resistance of Salmonella generates two subpopulations with
different thermo-resistance (Geeraerd et al., 2005; Amado et al., 2014).
More specifically, the very short “shoulder” time of 0.69 s was detected in only 90°C
heated samples. Using the linear with shoulder model, heating mash broiler feed from 75° to 95°C
initiated the thermal inactivation of tested Salmonella without any delay. According to the linear
with tail model in Table 3, the inactivation rate of Kmax values of 95°, 85°, 80°, and 75°C (90 oC
samples did not fit the model) decreased from 0.44 to 0.16 which agrees with our expectation. The
“tail” effect as shown in the log10 (N-res) value increased from 0.66 to 2.10 log CFU/g as the
temperatures decreased from 95° to 75°C indicating that applying lower heating temperature for
mash broiler feed may cause some bacterial cells adapted to the thermal treatments, which can be
further explained in the biphasic model.
A biphasic linear model was developed as an alternative equation to the simple liner model
for explaining the existence of a mixture of two or more subpopulations with different inactivation
rates (Kmax1 and Kmax2) (Geeraerd et al., 2005; López-Gálvez et al., 2012; Li et al., 2018). In
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this study, thermal inactivation curves in Table 3 clearly show two inactivation rates that could
correspond to the subpopulation with different heat resistance levels. As shown in Table 3, the first
inactivation rate Kmax1 decreased from 0.27-0.29 to 0.19 when the heating temperature was
reduced from 90° to 75°C. The secondary inactivation rate Kmax2 was lower than Kmax1 in all
tested temperatures, ranging from 0.04 to 0.10. These results agree with Amado et al. (2014), who
also used the linear and logistic biphasic models to describe the “tail” effect of Salmonella in cattle
feeds heated from 55° to 65°C and found the existence of two subpopulations with different
thermo-resistance.
The calculated parameters from the Double-Weibull model were also included in this study
(Table 3). Double-Weibull model has been developed to estimate inactivation kinetics of mixed
populations composed of bacteria with different thermal resistance (Coroller et al., 2006). Indices
of this model include p as the shape parameter indicating the convex (p > 1), concave (p < 1), or
linear curves (p = 1), delta-1 and delta-2 as the D-values of the two subpopulations, and α as the
log10 value of the ratio between heat-susceptible subpopulation and heat-resistant subpopulation
(Coroller et al., 2006; Hwang et al., 2019). In the current study, the shape parameter p value ranged
from 1.11 to 1.69 among the 4 tested temperatures, suggesting that all inactivation curves are
convex shape (Table 3). As expected, the delta-1 value of the heat-susceptible subpopulations of
Salmonella increased from 10.20 to 19.41 s after heating temperature decreased from 90° to 75°C,
which agrees with the D-values calculated from the linear and Weibull models. The α value of 80°
(4.05) and 75°C (4.17) were lower than the samples heated at 90° (7.41) and 85°C (7.31). This
indicates that the ratio of the heat-resistant subpopulation increased when the pathogens were
exposed to the lower heating temperatures. These results further agree with the previous study of
Amado et al. (2014). The delta-2 values of the heat-resistant subpopulation were not calculated for
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90° and 85°C heated samples. The delta-2 value of 80°C were lower than 75°C (Table 3). These
results confirmed that a heat-resistant subpopulation of Salmonella could be generated when the
heating temperatures were reduced from 90° to 75°C.
CONCLUSIONS AND APPLICATIONS
1. Thermocouple data demonstrated 2-gram and 5-gram samples achieved a 5-log reduction
of Salmonella when internal temperature of feed reached 80°C and 85°C, respectively.
2. Double-Weibull, Biphasic and Biphasic with shoulder models fit thermal data from 90°
to 75oC, potentially indicating that the thermal resistance of Salmonella generates two
subpopulations with different thermo-resistance.
3. Linear, Weibull, Double-Weibull, and Biphasic linear models appear suitable for
determination of thermal inactivation kinetics for S. Typhimurium in mash broiler feed in
a lab-based water bath in the tested volume of feed.
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TABLES AND FIGURES
Table 1. Parameters of survival models from the USDA Integrated Pathogen Modeling Program
for Predictive Microbiology - IPMP Global Fit
Parameters
D, T95.0oC
D, T90.0oC
D, T85.0oC
D, T80.0oC
D, T75.0oC
k
Y0
Log D0
D, T95.0oC
D, T90.0oC
D, T85.0oC
D, T80.0oC
D, T75.0oC
z
Y0

Value (s)
Std-error
1-A: Weibull model (RMSE=0.724; AIC=-27.384)
2.27
0.94
3.67
1.47
3.95
1.64
4.68
1.90
7.63
3.07
0.680
0.079
9.18
0.395
1-B: Linear model (RMSE=0.929; AIC=-3.227)
3.10
0.168
6.70
0.54
8.83
0.28
12.05
1.44
13.91
1.16
24.40
2.71
42.1
3.46
8.18
0.206
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Table 2. Comparison of RMSE and R2 for the survival models (GinaFit) on the inactivation of Salmonella by thermal treatments in
broiler feed.
Temperature (oC)
95

Linear

Linear+
shoulder

Linear+
tail

Weibull

Double
Weibull

RMSE
0.7052
N/A
0.2913
0.6129
N/A
2
R
0.9569
N/A
0.9937
0.9721
N/A
90
RMSE
0.2602
0.2771
N/A
0.2753
0.1782
2
R
0.9920
0.9921
N/A
0.9922
0.9972
85
RMSE
1.2671
N/A
0.3978
1.0650
0.2294
2
R
0.8645
N/A
0.9879
0.9130
0.9938
80
RMSE
0.7654
N/A
0.6017
0.6958
0.3836
2
R
0.9291
N/A
0.9602
0.9468
0.9854
75
RMSE
0.9335
N/A
0.4416
0.6639
0.2692
2
R
0.8693
N/A
0.9730
0.9390
0.9908
2
RMSE: Root mean sum of squared errors. R : coefficient of determination. N/A: model is not suitable for this data.

Biphasic linear
N/A
N/A
0.2268
0.9955
0.5627
0.9781
0.4906
0.9762
0.3307
0.9861
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Table 3. Thermal kinetic parameters (mean ± standard error) of linear with tail, Biphasic and Double-Weibull models for Salmonella
survival at 95°, 90°, 85°, 80°, and 75oC.
Heating temperature (oC)
95
90
85
80
Linear + Tail
Kmax
0.44 ± 0.02
N/A
0.30 ± 0.02
0.19 ± 0.02
Log10 (N-res)
0.66 ± 0.21
N/A
0.83 ± 0.21
0.85 ± 0.56
Biphasic
f
N/A
1.000 ± 0.001
1.000 ± 0.001
0.999 ± 0.001
Kmax1
N/A
0.27 ± 0.01
0.29 ± 0.03
0.27 ± 0.04
Kmax2
N/A
0.09 ± 0.02
0.07 ± 0.03
0.10 ± 0.02
Double Weibull p
N/A
1.11 ± 0.10
1.46 ± 0.19
1.69 ± 0.41
α
N/A
7.41 ± 1.08
7.31 ± 0.50
4.05 ± 0.46
Delta-1
N/A
10.20 ± 1.55
14.12 ± 2.45
15.77 ± 3.43
Delta-2
N/A
N/A
N/A
53.38 ± 14.04
N/A: model is not suitable for this data or data cannot be calculated for the model.
Model

Parameter

75
0.16 ± 0.01
2.10 ± 0.25
0.999 ± 0.001
0.19 ± 0.02
0.04 ± 0.01
1.49 ± 0.25
4.17 ± 0.27
19.41 ± 3.37
86.52 ± 15.95
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Figure 1. Temperature from the geometric center of 2- and 5-gram broiler feed samples required
to achieve a 5-log reduction while being monitored with a thermocouple.
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Figure 2. Time required for geometric center of 2-gram broiler feed samples to reach desired
temperature of 75°, 80° and 85°C.
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Figure 3. Time required for geometric center of 5-gram broiler feed samples to reach desired
temperature of 75°, 80° and 85°C.
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Figure 4. Thermal inactivation curve of Salmonella in broiler feed at 5 heating temperatures
(95°, 90°, 80°, 85°, and 75°C).
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